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1. INTRODUCTION
1.1. MOTIVATION
The sea is full of organisms that contain beneficial materials for human beings and their
health. Marine organisms are several and they are considered plant like organisms, an
example of which is the algae. Algal species are rich in functional materials that are used for
several purposes, medical and industrial. Algae may be microscale or macroscale; the former
group is called phytoplankton and contains about 5000 species while the macro group
comprises about 6000 species, classified according to their color being red, brown or green.
Green algae are called Chlorophytes, brown are Pheophytes, while the red ones are the
Rhodophytes [1,2].

Macro algae are named seaweeds and they are considered a potential renewable
resource [1]. In 2004, the world production of seaweeds was more than 15 million metric tons
where the Indian Ocean region alone provided 15 to 20% of this amount [1]. Seaweeds, as is,
are useful in agriculture as fertilizers, for cattle as a fodder and as a source of nutrition for
human beings [3]. They are considered a very rich source of nutrition at relatively low cost
due to their abundance and high reproduction rate [3].

Some marine algae are edible and are very common in Asia, specifically East Asia [4].
In Japan, 1.4-1.6 Kg are consumed per person per year and they represent 10% of the
Japanese diet [1,5]. The edible seaweeds are not high in calories content due to their
relatively low content of fats, which is good for weight watchers and people on diet. They
are, however, considered to have a high nutritional value due to their vitamins, protein, fibres
and minerals content [3,6]. Talking about vitamins in particular, 100g of seaweed may
provide the average person with his daily requirement of Vitamin A, B2 and B12 or more and
66.7% of his Vitamin C requirement [3].

As for the fiber content of seaweeds, several benefits may be considered; starting with
its laxative property that helps cure constipation, its ability to reduce susceptibility to colon
cancer, and its filling effect that avoids obesity and consequently cardiovascular diseases [3].
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The fatty compounds in seaweeds belong to the omega-3 family and help in
diminishing the risk of thrombosis and atherosclerosis. Some fatty compounds also have
antiviral activity [3].The functional compounds found in algae include poly-unsaturated fatty
acids, polysaccharides, natural pigments and the essential minerals, vitamins, enzymes and
bioactive peptides [5,7]. Worldwide, there is a growing interest in the extraction of active
compounds from algae in order to use it in different fields, including pharmaceuticals,
cosmetics and food industries [7].

Seaweeds are not only eaten but also drunk, as for example Undaria pinnatifida,
Ecklonia cava, Hizikia fusiforme, and Ulva pertusa which are used in beverages in Japan
and they are fortunately found to have an antioxidant activity [8].

One of the important ingredients of algae are the polysaccharides that are found
sulfated. They are present in high amounts in cell walls and have been shown to exhibit
promising biological activities. Sulfated polysaccharides (SPs) are present in mammals and
invertebrates, while their main non-animal source is seaweeds with its wide variety of
species. SPs with different structures are extracted from these species and studies investigate
the relation between their biological activities and chemical structure [3,6].

From each class of algae, SPs with specific molecular composition can be extracted for
example, rhodophyta contain mainly galactans, while phaetophyta contain fucoidans and
chlorophyte are rich in polydisperse heteropolysaccharides, as well as homopolysaccharides
[9].

Due to the variety in structural composition and the amount of sulfation, SPs have
several biological or pharmacological activities and many studies have been conducted to
further explore these activities. SPs can have anticoagulant (one of the mostly studied
properties), antioxidant, antiproliferative (in vitro), antitumor (in vivo), anti-inflammatory,
antiviral, antipeptic, antimetastatic, angiogenesis inhibition and antiadhesive activities [9]. In
this study, SPs extracted from algae will be investigated. Both the as-extracted ones and the
ones hydrolysed using viscozyme enzyme will be tested for their biological activities
particularly the antioxidant and antitumor ones.
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Of the edible chlorophytes is the green Ulva lactuca which is available in several areas,
such as Tunisia, South China, Saudi Arabia and Egypt [2, 0,11,12]. Work in this thesis will
be performed on this algae that has been collected from the Mediterranean Sea coast in
Alexandria, Egypt.

Cancer is one of the terrifying diseases that threaten humans nowadays. It is causing
high rates of mortality worldwide, approaching 6 million deaths per year. This number
increases with time due to global warming and weather changes and is expected to reach 13.1
million in 2030. The exact cause of cancer is not yet fully confirmed but some factors are
believed to induce high risk of cancer, these include tobacco, infectious organisms, poor
nutrition, chemical agents and radiation, as well as genetic factors like inherited mutations.
Tobacco and infectious organisms causing cancer can be prevented by early diagnosis and
removal of precancerous lesions. It was found that tobacco is one of the major causes of
cancer; as per statistics, in 100 lung cancer patients there are 71 smokers and generally it is
reported that 22% of the causes of cancer are due to tobacco [2]. Treatment of cancer could
be via chemotherapy, radiotherapy or both and is sometimes associated with surgical removal
of the tumor or the whole of the affected organ. A less expensive, possibly associated with
less side effects, cure is highly required to avoid the drawbacks of the currently used means
of cancer treatment. This is why marine algae extracts are of great interest due to their
potential biological activities, especially the anticancer ones that involve both antioxidant and
antitumor activities [2].

1.2. STATEMENT OF PURPOSE
The main purpose of this study is to extract biologically active SPs from the green algae
Ulva lactuca. The extract will then be enzymatically hydrolyzed and then fractionated on an
anion exchange chromatography column, in order to produce shorter chain target products
with potentially high antitumor and antioxidant activities. Figure 1.1 illustrates the
framework of this study.
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Figure 1.1. Illustration of this study framework
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2. LITERATURE REVIEW
In this chapter, we will first discuss the different methods of extraction together with
the factors affecting their performance. This will be followed by a detailed discussion on
Ulva seaweed and its uses and applications. The third section of this chapter will deal with
the carbohydrates present in algae and their biological activities. These activities will not
include the anticancer ones as they will be reviewed in the fourth section of this chapter.

2.1. EXTRACTION
Extraction mainly involves a liquid and a solid, the solid is the seaweed and the liquid
is the solvent used where the required functional compounds, in our case SPs, are soluble in.
The solvent dissolves the SPs present in the seaweed, along with other seaweed contents.
After filtration, centrifugation and evaporation of the solvent, SPs are obtained in a solid
form. There are several methods of extraction and each has its own influence on product yield
and activity [13]. Examples of these are conventional solvent, ultrasonic-assisted,
microwave-assisted, enzymatic, supercritical fluid and high pressure liquid extraction.

2.1.1. CONVENTIONAL SOLVENT EXTRACTION
This is a simple method of extraction that involves mixing the seaweed with solvent,
soaking it for a certain amount of time and then separating the required active material from
the solvent [13]. The type of solvent and temperature, at which the extraction occurs, are the
main two factors affecting the extraction, in addition to time of extraction and solvent to
seaweed ratio.

Extraction conditions differ from one algae to another due to variation in composition. In
one study, SPs were extracted from five algal species. Ulva pertusa, Laminaria japonica,
Enteromorpha linza, Porphyra hai-Tanensis and Bryopsisplumose were the five tested algae.
All five species required the same amount of water (solvent) except Laminaria japonica,
which needed 25 folds less water than the others. As for the temperature, it varied from 115
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to 125 °C where Ulva pertusa required the highest temperature. The extraction time also
varied from 3 to 4 hours according to the type of algae, both Ulva pertusa and Porphyra haiTanensis required one extra hour than the others [14].

2.1.1.1. SOLVENT CRITERIA

A variety of solvents, in which the SPs are soluble, could be used such as methanol
and ethanol in addition to water. For protein extraction, ethanol together with water are
commonly employed. For phenolic compounds, methanol was recommended as it gives
the highest yield but safety is a critical issue [13].Using water for extraction has its
environmental and economic merits and thus it was the main solvent used in this study.

2.1.1.2. TEMPERATURE EFFECT

The higher the temperature, the higher the diffusion and dissolution of active
ingredients in the solvent, however breakdown of molecules could occur at higher
temperatures. It was reported by Cacae and Mazza in 2003 that phenolic compounds were
denatured at temperatures exceeding 50 °C, thus it was recommended to conduct the
extraction of phenolic compounds at lower temperatures [13]. High temperature was also
found to have an effect on the biological activity as was reported by Delgado-Andrade and
Morales in 2005 who studied the effect of temperature by heating antioxidants and they
found that the antioxidant activity either increased with increasing temperature or stayed
the same when some of the antioxidants denatured [15].

It was also shown by Xu et al., 2008 in another study performed on Citrus Paradisi
changshanhuyou that the higher the temperature was, the lower was the molecular weight
of the extracted phenolics and hence the higher was their antioxidant activity. The
temperature can be increased to an extent that it forms steam that can be used for the
extraction instead of liquid water, and a study by Roy et al. in 2009 showed that steamed
broccoli process leads to the breakdown of the molecules in the cells and yields more
bound phenols [16,17].
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To conclude, a reasonable increase in temperature is beneficial in extracting compounds
existing in the cell walls, like saccharides, together with those stored in other parts of the
seaweed cells [13].

The conventional method is relatively simple and cheap compared to other methods,
however it suffers from low selectivity and yield as well as the need to use large amounts of
solvents that might in some cases be toxic, thus other methods are explored [18].

2.1.2. CONVENTIONAL ENZYMATIC EXTRACTION
Not only temperature can break down the cell walls but also enzymes may be used to
undergo this process. In this method, the enzyme is used prior to conventional treatment to
break down the cell walls. Factors affecting this method are those of the conventional
extraction in addition to the enzyme type and concentration.

Using a combination of enzymes could have a synergistic effect in releasing more
active antioxidants from the seaweed [13]. Siriwardhana et al. worked on Hizikia fusiformis
using a mixture of 2% alcalase enzyme and 3% ultraflo enzyme and they obtained the best
yield of antioxidants (42.5% of dried sample) compared to yields obtained when using other
mixtures of enzymes (in different ratios) or to when each enzyme was used separately. Not
only is the yield percentage affected by the type of enzyme mixture but also the antioxidant
activity. The hydrogen peroxide scavenging activity was also the highest for the product
obtained from hydrolysis using this enzymatic mixture [19]. In another study, Heo et al.
hydrolyzed seven species of brown seaweeds using 10 different enzymes where five are
carbohydrases: Viscozyme, Celluclast, AMG, Termamyl and Ultraflo and the other five are
proteases: Protamex, Kojizyme, Neutrase, Flavourzyme and Alcalase. The extracts obtained
showed a high hydrogen peroxide scavenging activity even when compared to commercial
antioxidants, and for 2, 2-diphenyl-1-picrylhydrazyl (DPPH) activities were remarkable for
both Ultraflo and alcalase extracts [20].

As a disadvantage, this method of extraction is more expensive than the conventional
one as it requires costly enzymes but one advantage is that water could be used most of the
time, to dissolve the extract instead of toxic solvents.
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2.1.3. HIGH PRESSURE LIQUID EXTRACTION
In this method, extraction takes place under high pressure and temperature. Hence, it
requires shorter time and consumes less volume of solvent compared to the conventional
method. However, it utilizes specific expensive equipment in order to apply high pressure
[13].

As studied by Prasad et al., it was found that the yield percentage of the phenolic
extract of the pericarp of Longan fruit was higher when obtained with high pressure
extraction than with the conventional one, and also had a higher antioxidant activity [21].

2.1.4. SUPER CRITICAL FLUID EXTRACTION
This method is conducted using carbon dioxide at supercritical conditions. It is similar
to the previously mentioned type, however applying mild pressure and temperature such that
the material used reaches its supercritical point and so it behaves like a gas that effuses
through solid substances and extracts materials like a liquid. The commonly used gas is
carbon dioxide which is abundant and cheap, but the method suffers from economic
drawbacks due to the high cost of the supercritical equipment. This is in addition to the non
polarity of carbon dioxide which does not allow all extracted materials to dissolve, thus a cosolvent may be used to solve this problem [13].

In this kind of extraction, three independent variables are to be taken into consideration
in any investigation and they are temperature, pressure and co-solvent. Wang et al. worked on
Pueraria lobata, a kind of climbing plants, to extract its flavonoids using the supercritical
carbon extraction method. They found that the pre-mentioned three variables affect the yield
% and hence they selected the optimum employed pressure to be 203.64 Kg/cm2, and the
temperature to be 50.24 °C along with 181.24 mL of the co-solvent ethanol [22].

Another study on the grape (Vitis labrusca B.) peel showed that the optimal conditions
for the extraction of valuable compounds like total phenols, antioxidants and total
anthocyanins were 45-46 °C with a pressure of 160-165 Kg/cm2 using ethanol as a co-solvent
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at about 6-7% of total extraction fluid. The DPPH radical scavenging activity of the extract
reached more than 93% [23].
In addition to the supercritical method, subcritical water extraction method was used for
polysaccharides extraction. In this method, temperature above the water boiling point
is employed along with high pressure to ensure water is in the liquid state. Few studies have
applied this method, Yang et al. investigated the optimal conditions for the extraction of
polysaccharides from Grifola frondosa, a kind of mushroom, and found that applying 210 °C
temperature for 46.35 minutes using water as a solvent (26.15 parts water to one part raw
material) provided yield % of about 25.1±1% which is double the yield % with traditional hot
water extraction. Again, the antioxidant activity was also higher than that obtained from
conventionally water extracted polysaccharides [24].

2.1.5. ASSISTED EXTRACTION
Extraction could be enhanced by ultrasound waves, microwaves, pulse electric field and
high hydrostatic pressure. These effects help the solvent reach different parts of the cell and
this kind of extraction is called assisted extraction [13].
2.1.5.1. MICROWAVE

Microwave assisted extraction was utilized to extract fucoidan from Fucus vesiculosus
and was recommended as a time-saving and environmentally friendly method that requires no
solvents [25].

The method was also applied on the edible lily Lilium davidii var. unicolor and the
optimum extraction conditions of time, microwave power, temperature and ratio of water to
plant were one hour of extraction under a microwave power equivalent to 597 W at 50 °C and
using an amount of water that is 65 folds the solid sample. Under these conditions, the
highest yield % of polysaccharides equivalent to 36.55±1.1% was obtained [26].

Another study was undertaken to extract polysaccharides of Mulberry leaves and a
maximum yield of 9.41% was obtained by optimizing three conditions namely; microwave
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power, time and sample amount which were found to be 170 W, 10 minutes, and 20g,
respectively [27].

In addition to yield improvement, microwave application was shown to enhance
antioxidant activity. It was found that extracted polysaccharides from Potentilla anserine
(Chinese functional food) had higher activity in case of microwave assisted extraction than in
case of conventional extraction [28].
2.1.5.2. ULTRASOUND

By a comparison between the ultrasound assisted extraction and the conventional
extraction of carbohydrates from ginseng, the ultrasound one was found to be less time
consuming (three times faster) and requires lower working temperatures which avoids the
breakdown of sensitive extract [29].

The studies on ultrasound extraction were concerned with finding the optimal
conditions for extraction. The best yield obtained from the green algae Chlorella pyrenoidosa
was 44.8g/Kg when using a 400 W of ultrasound power, followed by incubation in water at
100 °C for 4 hours and precipitation of polysaccharides with 80% ethanol [30].The
ultrasound assisted polysaccharide extract of Trametes orientalis (a kind of fungi) was
obtained at the optimum conditions of 30.6 mL water for each g of fungi, 109.8 W ultrasonic
power and 40.2 °C temperature. It was then purified using diethylaminoethyl DEAE ion
exchange column chromatography and the purified fractions showed a concentration
dependant antioxidant activity [31].
2.1.5.3. PULSED ELECTRIC FIELD

Youngguang et al. studied the optimal conditions for extracting polysaccharides from the
brown frog Rana temporaria chensinensis. Optimal field intensity, pulse duration and
concentration of distilling solvent were 20 kV/cm, 6 µs and 0.5% KOH, respectively. These
conditions led to a yield of 55.59% which is higher than that obtained by conventional and
enzymatic methods [32].
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3.2. SEAWEED ULVA
Ulva is a group of green seaweeds that includes several species with different biological
and industrial applications. The species of our concern is Ulva lactuca which is abundant in
Egypt.

3.2.1. ULVA AS A FOOD SOURCE
Ulva lactuca is eaten in some countries like Japan and is called sea lettuce since it is
added in some salads. Its nutritional value varies according to the area where it exists and to
the climate [33].

Ulva lactuca is not only edible by human beings but it has been used as food for broiler
chicken mainly for economic purposes. It replaced a percentage of corn eaten by broiler and
maintained the same growth or even a better one than when corn was eaten, perse. Asar back
in 1972 proved that including a 4% of seaweeds in broiler food had a positive effect on
weight gained by broiler. While in 1984, Maurice et al. proved that a 5% of a certain species
of seaweed had no negative effect on broiler growth [33]. In 2013, Ulva lactuca collected in
Alexandria was tested to be introduced in broiler chicken feed and it was found that it is
recommended to be used in an amount that does not exceed 3% [33].

Several studies were reported on different species and many showed no or positive
effect on growth and body weight gain. Other studies showed that some species have
negative effect as was proved by Ventura et al. who concluded that Ulva rigida has a
negative effect on weight gain and is thus harmful to be added to any food in more than 10%
[33].

3.2.2. ULVA AS A SOURCE OF ENERGY

The programme for aquatic species in USA (1978–1996) considered Ulva as a
promising energy crop for several reasons. It grows quickly and has a high amount of
carbohydrates [34]. It is also found in different regions in the world particularly in shallow
areas.
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Due to limitation in land crop, Ulva has been reconsidered as a resource of bioenergy as
it includes on average; 27% protein, 0.3% lipids and 62% carbohydrates of its dry mass
which in total represents 9.6-20.4% of its wet mass [34]. These contents differ from one
season to the other due to climactic differences. Not only the climate affects the contents but
also loading algae with nitrogen may help in increasing protein content, as reported by Msuya
and Neori, 2008 [34].

Carbohydrates in Ulva lactuca are sulfated and exist as complex hydrocolloids in the
cell walls together with the cellulose. They can store energy in the form of starch [34]. When
Ulva is digested anaerobically, biogas is formed. Combustion of seaweed or gasification and
pyrolysis produces liquid and tar that are used in machines and turbines. Carbohydrates may
also be fermented to ethanol which is used as a source of fuel that does not emit unwanted
carbon dioxide when burnt. It was also found that anaerobic digestion of the seaweed
produced a higher yield of methane than ethanol [34].

Generally, Ulva lactuca is not fully utilized, as it is a very rich source of minerals,
vitamins and other nutritional compounds. It is, however, left accumulated on the shore as a
waste, whereas it could be cultivated in fields to make better use of it [34]. Furthermore, its
carbohydrate content is of a very high biological importance and this was confirmed in
several studies [33,35].

3.3. CARBOHYDRATES IN SEAWEEDS AND THEIR BIOLOGICAL ACTIVITY
All three groups of macroalgae contain polysaccharides, varying in percentage from
one group to the other and from one species to the other. Ulva is one of the species that
contain a relatively high percentage of carbohydrates. Table 3.1. shows percentages of
carbohydrates that exist in some algae in Western Europe. It is clear from the table that the
total percentage of polysaccharides in Ulva may reach up to 65% of its total solid content.
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Table 3.1. Percentages of polysaccharides in Western Europe seaweeds [36]
Algae genus

Undaria

Algae color

Brown

Highest % of total 45

Saragasum

Ulva

Chondrus

Green
70

Porphyra

Palmaria

Red

65

66

63

66

polysaccharides*
*percentages are based on dry weight

There are edible seaweeds which contain fibers (composed mainly of polysaccharides
molecules) that are beneficial when eaten as a whole supplement. The edible fibers in
seaweeds are found in relatively high percentage compared to more complex plants. The
amount of alimentary fibers in seaweeds represent on average, about 33-50% of dry weight as
shown in Table 3.2. [36,37].

Table 3.2. Percentages of fibers in different algal species [36].
Algae species

Percentage of fibers in algal dry weight

Fucus

50

Porphyra

30

Saccharina

29

*percentages are based on dry weight

Some dietary edible fibers are soluble in water while others are insoluble. Highest
contents of soluble fibers are found in three kinds of seaweeds namely, Undaria pinnatifida
(known with its commercial name in the Far East, wakame), Chondrus and Porphyra, with
percentages ranging from 15 to 22% of dry weight. Insoluble dietary fibers represent 27% of
dry weight in Laminaria which is considered the second highest seaweed in insoluble fibers
content, while the seaweed Fucus is ranked number one in this regard since it contains 40%
insoluble fibers [38].

Dietary fibers may be digested by normal flora but some are undigested and play a role
in digestion by decreasing bowl transit time [39].They affect digestion of other nutrients such
as minerals of Ca, Mg, Fe, Na and K [40]. They also cause delay in glucose absorption and
decrease blood glucose level tested after a meal [41].
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In general, polysaccharides that are extracted from seaweeds are called phycocolloid.
These are classified according to their structure and usage and have various medical and
industrial applications [36].
Polysaccharides may be extracted from any of the three classes of seaweeds using the
different methods of extraction mentioned earlier. In the following section, we will discuss
the different kinds of polysaccharides extracted from the three algal divisions; brown, red and
green.

3.3.1. POLYSACCHARIDES FROM BROWN ALGAE

3.3.1.1. ALGINATES

Alginates, also known as alginic acid, are anionic polysaccharides that exist in cell
walls. They have several applications in pharmaceutical and food industries as well as textile
printing. They are also useful in cosmetics and are used in production of non-fatty ointments.
World production amounts to an average of 26500 tons per year, with a value of 318 million
dollars [42]. Applications of alginates, their percentage annual growth and their shares in the
global market are shown in Table 3.3.

Table 3.3. Applications of alginates along with their annual growth and shares in the global
market [36].

Use

Annual growth in %

Approximate % of
applications

Textile printing
Pharmaceutical

and

2-3

50

2-4

20

1-2

20

-

5

medical uses
Food
Paper production
*percentages are based on dry weight
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share in global

3.3.1.2. FUCOIDAN

These are SPs that are mainly found in cell walls. They are named after the building
unit of the oligosaccharide, fucose, which represents 90 %of the polymers. They are rich in
the monosaccharide L fucose, along with less amounts of glucuronic acid. It contains also
other sugars like mannose, galactose, glucose, xylose and others [43,44].

Pankter el al. suggested a structural model for fucoidan as shown in Figure (3.1.). Its
backbone is fucose linked with 1, 3 α linkage, sulfates are attached to C4. At C2, additional
fucose is attached forming branches and sometimes branches are formed at C4 as well [45].

Fucα1
2

3Fucα1-3Fucα1-3Fucα1-3Fucα1
4
Fucα1

4

4

SO3-

SO3-

Figure 3.1. General structure of fucoidan [45].

Fucoidans are of great importance in biological activity. A great achievement was
accomplished by Marinova Pty Ltd, a company on Tasmania Island which produced purified
fucoidans up to 95%. They extracted it from several species like Undaria sp., Lessonia sp.,
Macrocystis sp., Cladosiphon sp., Durvillea sp., Laminaria sp., Ecklonia sp., Fucus sp.,
Sargassum sp., Ascophyllum sp., and Alaria sp. The extraction produced fucoidans in its
original natural structure without any single breakdown and this was achieved using cold
water for extraction via a process named‘cold Maritech’water extraction that yields product
rich in biological activities [36].

Studying the factors that affect fucoidans biological activity, it was deduced that not
only the size of the molecule affects the fucoidans activity but also the position of sulfate
group on the sugar chain and the amount of fucose and glucuronic acid in the saccharide [43].
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The anticoagulant activity is one of the activities that are dependent on the molecular
weight of the polysaccharide. Li et al. (2008) showed that increasing the molecular weight of
a polysaccharide ten times increases the anticoagulant activity due to the ability of the bigger
molecule to bind to the protein that causes the clotting (thrombin) [45]. Both Li et al., and
Berteau and Mulloy in 2003, worked on fucoidans to replace the heparin as they are less
contaminated with viruses as compared to heparin which comes from an animal source that
could be infected and hence virus could be transmitted to the patient [36]. Earlier work on
Undaria showed that it has anticoagulant activities together with antiviral and anticancer ones
[46].

Immunity is very important in protecting our body against several diseases. Fucoidans
have an antiviral activity that is achieved through inhibiting virus replication [47]. They also
stimulate immunity and this is achieved by improving macrophage, T lymphocyte, B cell,
natural killer cells. It also helps stimulate the formation of interleukin (IL-1) and interferon-γ
(IFN- γ ), while in vivo, it also showed stimulation of antibodies as studied by Yang et al. in
1995 [48,49].

Furthermore, fucoidans obtained from edible seaweeds exhibited anti-inflammatory
activity [50].They were also reported to decrease hypersensitivity [51], and to help in treating
meningitis by decreasing leukocytes in cerebrospinal fluid [52]. Fucoidans can also help
prevent Alzheimer’s disease, associated with aging, by fighting free radicals in the body [53].

If combined with chitosan, fucoidan is found to help in wound healing by its
modulating, heparin like, effect of growth factors that encourages re-epithelialization and
contracting of wound area. Its combination with chitosan helps also in treating skin burns
[53].

3.3.1.3. LAMINARIN

It is a polysaccharide of glucose, found mainly in the leaves of Laminaria Saccharina
after which it was named. It also exists in Ascophyllum, Fucus and Undaria but with lower
quantities. The polymers are composed of D glucose with 1, 3 β linkages and terminated with
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a reducing end that could be either mannitol and the Laminarin is then called M Laminarin or
glucose as shown in Figure 3.2. [54].

Figure 3.2. The structure of both G and M Laminarin [54]

Miao et al. (1999) reported that Laminarin structure affects its activity, because when
found in sulfate ester form, it has an anticoagulant activity [55]. In 2000, Shanmugam and
Mody also showed that by sulfating the Laminarin, improved anticoagulant activity was
attained [56]. In 2004, Devillé et al. reported that Laminarin could be used as a substratum
for prebiotic bacteria [57]. Then in 2010, Goemar showed that Laminarin has an antiviral
effect and thus could be used for agricultural applications, and as a surgical dust powder [36].

3.3.1.4. MANNITOL

Mannitol is an alcohol sugar that is present in brown algae as Laminaria and
Ecklonia. Its percentage per dry weight varies from 10 to 25% according to the climate.
Although Mannitol is not a poly or oligosaccharide but its importance is not questionable.
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Mannitol is widely used in food industry as a low calorie sweetener instead of
sucrose. It is also used to boost taste and maintain a fixed level of moisture required
extending the shelf life of the product [36].Contrary to most of the artificial sweeteners,
Mannitol is not considered carcinogenic and thus can be used for all ages, including infants,
kids and elderly. It also has an additional advantage that it does not cause food decay [58].

3.3.2. POLYSACCHARIDES FROM RED ALGAE
3.3.2.1. CARRAGEENAN

These are SPs that are composed mainly of galactose and anhydro-galactose repeating
units. Its structure is composed of a backbone of D galactopyranose with a 3-O linkage and D
residues of 4-O linked anyhdro 3,6 galactopyranose [54].

Since decades, it has been used in food industrial applications due to its various
biological activities, some of which are illustrated in Table 3.4. [36].
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Table 3.4. Reported biological activities of carrageenan [36]
Biological activity

Reference
Vlieghe et al., 2002

-

antitumor

Yan et al., 2004

-

antiviral

Zhou et al., 2006
Skoler Karpoff et al., 2008

-

dislodging mucus and antiviral properties in

C.

Crispus

and

common colds, bronchitis, and chronic coughs

Mastocarpus

(used as traditional medicinal tea)

1830

-

controlling stomach ulcers

Morrissey et al., 2001

-

blocking the transmission of the human

Carlucci et al., Witvrouw

immunodeficiency virus as well as other

and De Clercq, 1997

sexually transmitted diseases viruses such as

Caceraset

gonorrhoea, genital warts and the herpes

Shanmugam and Mody,

simplex virus

2000

Stellatus,

al,

2000

Luescher-Mattli, 2003
- vaginal microbicides

Zeiltin et al, 1997

- blocking human immunodeficiency virus and

Buck et al, 2006

sexually transmitted diseases in vitro
-

curing herpes simplex virus, human

Witvrouw and de Clerck,

immunodeficiency virus 1 and genital human

1997

papillomavirus

Luescher-Mattli

et

al.,

2003
-

replacement for heparin in its anticoagulant

Hawkins et al., 1962

activity

Hawkins

and

Leonard,

1963
Kindness et al, 1979
-

decreasing amount of glucose in blood
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Dumelod et al., 1999

3.3.2.2. AGAR
Agar’s structure is like that of carrageenan but with a residue in the L form [54]. It is
composed of different structures of polysaccharides extracted from red seaweeds such as
Gelidium and Gracilaria species [59].

Agar is commonly used in food industry. It is de-sulfated and purified to obtain
agarose that is used in gel electrophoretic analysis of molecules in the field of biotechnology.
Agar has also some biological activities like decreasing blood glucose level and may
therefore be used to treat diabetes, as well as anti-inflammatory activity since it supresses
cytokine formation and nitric oxide producing enzyme [60].

3.3.2.3. XYLANS

Xylans, as their name implies, are xylose polysaccharides. They are found in
Palmaria with a content of about 35% of seaweed dry weight. They do not yet have a clear
commercial importance [36].

3.3.2.4. PORPHYRAN

These are complex polysaccharides that are named after the seaweeds Porphyra
species, mainly composed of galactose. In 1993, Noda et al. showed in an in vitro study that
they decrease hypertension and blood cholesterol. The study was done on rats that were
intentionally treated to have a high blood pressure and it was found that the pressure
decreased after treating the rats with porphyrans [61].

3.3.3. POLYSACCHARIDES FROM GREEN ALGAE

3.3.3.1. ULVANS

These are polysaccharides derived from Ulva species. Their molecular weight ranges
from 189 to 8200 KDa. Not all ulvans are water soluble; the insoluble ones resemble
cellulose [62]. These polysaccharides are sulfated and are composed of units of mono or
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disaccharides such as rhamnose, xylose, and iduronic or glucuronic acid. The most abundant
unit is ulvanbiouronic acid with sulfate at C3 where the acid unit could be either glucuronic
or iduronic acid [63]. Figure 3.3. shows the structure of this repeated unit.

Figure 3.3. The most repeated unit in ulvan, (presented by G&R) 1-4 βD glucuronic
acid linked to 1-4 α L Rhamnose that has sulfate at C3; and the less abundant
(presented by I and R*)1-4 αL iduronic acid linked to 1-4 α L Rhamnose that has
sulfate at C3 [64].

Ulvans dissolved in water form a viscous solution with a gel-like structure that allows it
to be used in releasing trapped molecules as the gel changes in nature at a specific pH or
temperature [62,65]. Ulvans may also be used as an alternative for gelatine and similar
substances as studied by Choi et al.; thus it could be used as a relatively less expensive
alternative for meat derived substances for patients suffering from mad cow disease (Bovine
Spongiform Encephalopathy) [66].

Ulvans have a wide range of biological activities that includes the anticoagulant activity
and it is achieved by the molecules that are like heparin and are found to be antithrombotic
[67]. Ulvans extracted from Ulva pertusa showed anticoagulant activity together with
antihyperlepidemic activity [64].

Ulva lactuca ulvans have also anti-influenza activities, while the Monostroma ones can
be used for gastric ulcer treatment [67,68].

Ulvans also showed potent antioxidant activity and those with higher sulfate content
possessed higher activities [63]. In a relevant study, tissues from rats’ liver were used to
study the antioxidant activity of ulvans. Rat cells were intoxicated with D galactosamine
which causes oxidation of mitochondrial and microsomal membrane. Rats that were orally
fed with ulvan polysaccharides were protected from D galactosamine and showed no
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abnormalities in their mitochondrial enzymes and microsomal structure, as examined under
electron microscope [69].

In addition to the afore-mentioned biological activities, ulvans have anticancer
activities. Their activities were tested on various types of cancer cells. The following section
will be devoted to the anticancer activities of SPs derived from algae, with emphasis on
ulvans.
Table 3.5. Summary of most of the mentioned activity for the three classes of algae.

Brown algae

Red algae

Alginate: paper production, textile
printing, medical and pharmaceutical
uses

Carrageenan: antitumor,
antiviral, ulcers control, vaginal
microbicide, block STD,
anticoagulant and decrease
glucose level.

Fucoidan: anticoagulant, antiviral,
stimulate immunity, antiinflammatory, antihistaminic, prevent
alzeheimer’s, helps in wound healing

Agar anticoagulant, decrease
glucose level and antiinflammatory,

Laminarin anticoagulant, substratum
for prebiotic and antiviral.

Xylans -

Mannitol low calorie sweetener, boost
taste and safe for all ages.
(monosaccharide)

Prophyran decrease
hypertension and blood
cholesterol
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Green Algae

Ulvans
Anticoagulant,
antihyperlipidemic,
prevent gastric
ulcer, antiinfluenza,
antioxidant &
anticancer.

3.4. ANTICANCER ACTIVITY OF POLYSACCHARIDES
3.4.1. CANCER TREATMENT
The treatment of cancer requires drugs that undergo one or more of the following
functions; anti-metastasis, anti-angiogenesis, immunity modulation, apoptosis, antioxidant
activity. Anti-metastasis avoids the spread of tumor from one organ to another or from a
specific part to the other. Anti-angiogenesis prevents the formation of new blood vessels and
inhibits the growth of the tumor. Immunity modulation stimulates natural killer NK cells and
type 1 helper cells which enhance the breakdown of tumor cells [45]. Apoptosis is basically
killing the cell and is considered anti- proliferative as it avoids the tumor proliferation and its
increase in size [2]. Its mechanism mainly involves activation of the caspase enzymes that
already exist in the cells and their activation leads to a thread of signals that ultimately leads
to cell death [70]. Antioxidants activity could be considered as an anticancer one because it is
found that it helps cachexic patients that becomes resistant to chemotherapy and it cures the
suffer from redox equilibrium disturbance [71].

3.4.2. POLYSACCHARIDES IN CANCER TREATMENT
Studies showed that polysaccharides are promising in cancer treatment. Fucoidans
were found to have anti-angiogenesis effect [72] and antiproliferative activity [36].They also
acted as NK stimulating substances enhancing the breakdown of tumor cells [45]. Laminarins
extracted from brown algae were also shown to have an anticancer activity [42].

Polysaccharides from the green algae, Ulva fasciata, exhibited anticancer effect on
lymphoma cells (Dalton ascitic lymphoma) that were introduced to mice and showed
promising results [2].

The water soluble polysaccharides extracted from the common Chinese herbal
medicine, Poria cocos, showed in vivo antitumor activity on sarcoma cells and in vitro
activity on HL-60 tumor cells, leukaemia cells [73].
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As for the antioxidant activities, it was found that the sulfate content in fucoidans
positively affects their antioxidant activity [36,74]. Other polysaccharides extracted from
algae showed good antioxidant activities like those extracted from Porphyra haitanesis, Ulva
pertusa, Fucus vesiculosus, Laminaria japonica and Ecklonia kurome [75,36]. In contrary, in
another study, sulfate content increase was negatively affecting the antioxidant activity, and it
was suggested that the reason behind this is the decrease in the amount of hydroxyl group that
helps in the antioxidant activity [76].

3.4.3. ACTIVITY OF EXTRACTED POLYSACCHARIDES ON SPECIFIC CANCER CELLS
In this subsection, we discuss the anticancer activity of extracted polysaccharides on
specific cancer cells that were commonly reported in literature and were therefore chosen to
be the focus of our study. Different studies will be listed for each type of cells.

3.4.3.1. BREAST CANCERCELLS MCF-7

The antimitotic effect of Avrinvillea nigricans, Halimeda stuposa and Dictyota
macroalgae species [77] polysaccharides on breast cancer cells MCF-7 was reported [2].

Furthermore, previous studies showed the apoptosis effect of fucoidan on MCF-7 and
further investigations were done to elucidate the mechanism with which fucoidans kill the
cells [78].

SPs were extracted from the blue green microalgae, Spirulina platensis that were
grown in nitrogen rich media. They showed significant inhibition to the cancerous cell
growth [79].

3.4.3.2. COLON CANCER CELLS HCT116

Fucoidans and ulvan polysaccharides were tested for their apoptotic activity on
HCT116 in vitro and they showed promising results [80,81]. Polysaccharides extracted from
mushroom Ganoderma Lucidum, also known as ganopoly, showed apoptotic effect on
HCT116 cells at a 10mg/mL concentration [82].
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Polysaccharides extracted from bee pollen Rosa rugosa were tested on HTC116 cells
in both neutral and acidic media, and they showed antitumor activity in both media. It was
also concluded that when used together as a mixture the acidic and neutral products had
synergistic effects [83].

Polysaccharide extracts from two mushroom types, Pleurotus sajor-caju and Lactuca
sativa, showed a significant antitumor effect on HCT116 cells in vitro and again in vivo in
rats with chemically induced colorectal cells [84].

3.4.3.3. LUNG CARCINOMA CELLS A549

Polysaccharides from Saragasum pallidum were extracted using different extraction
techniques and examined for their antioxidant and antitumor activity. They did not show very
promising results. However, antitumor activity on A549 was exhibited, especially with
smaller molecular weight polysaccharides [85].

A very recent study in 2016 investigated the antitumor effect and the mechanism of
apoptotic activity for Pleurotus nebrodensis fungus polysaccharides. The mechanism of the
inhibitory effect of the polysaccharides on A549 cells in mice was elucidated and was found
to occur through their influence on mitochondria and translation protein [86].

Polysaccharides extracted from the fungus Auricularia polytricha were also tested for
their apoptotic effect on lung cancer cells A549 and they inhibited the synthesis of DNA in
vitro. The in vitro test was concentration dependant, and the in vivo test performed on mice
also showed promising results [87].

Furthermore, significant antiproliferative activity in lung cancer cells A549 was
revealed by polysaccharides extracted from the traditional Chinese medicine, Coix seed [88].
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3.4.3.4. HEPATOCELLULAR CARCINOMA CELLS HEPG2

Porphyrans from red algae were found to decrease the HePG2 cells vitality by
decreasing the amount of lipoprotein secretion in the cells [89], and the hot extracts of
polysaccharides from brown Padina pavonia and hydroclathrus clathratus algae were proved
to be cytotoxic to the same cells [42].

Polysaccharides from the fungus Pleurotus nebrodensis were extracted and used to
study their antitumor activity. DNA damage and mitochondrial pathway damage were both
observed for HePG2 cells in vivo in mice [90].

From the medicinal Chinese herbs of Astragalus membranaceus, polysaccharides
were extracted and tested for their antitumor effect on liver cancer cells HePG2. They
showed a strong antitumor activity and inhibited the cells viability by up to 67.3% [91].

3.4.4. ANTICANCER ACTIVITY AND MOLECULAR WEIGHT
Studies were performed to understand the relation between the polysaccharides
molecular weight and their antitumor activity which is usually associated with antioxidant
activities.

A study was conducted on a kind of mushrooms where two different extraction
methods were used to extract polysaccharides from Pleurotus tuber regium; the first used hot
water while the second used ultrasound. The polysaccharides extracted with hot water had
smaller molecular weights and showed higher antitumor activity both in vitro on HL-60
tumor cells and in vivo on sarcoma 180 solid cells [92].

Degradation of the polysaccharides could be achieved by different methods and
comparison between the biological activities of crude and degraded molecules was studied.
For example, ulvans from Ulva pertusa were degraded with hydrogen peroxide and they
showed better antioxidant activity than the non-degraded ones activity was enhanced by
decreasing the molecular weight [93].
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Oat bran with its polysaccharides and fibers content was treated with four enzymes to
degrade it down into smaller molecules. The four enzymes used were cellulase, viscozyme,
alpha amylase and amylo- glucosidase. The viscozyme and cellulase products showed better
hydroxyl scavenging activities compared to natural alpha amylase and amylo- glucosidase
products, while in case of cellulase and amyloglucosidase products exhibited the highest
activities after degradation. It could therefore be suggested that activity does not only depend
on the molecular weight but also on the means by which the bigger molecule is broken down
[8].

In another study, polysaccharide extracts of the red algae Porphyridium cruentum,
were subjected to hermetical microwave. Different fractions were received with different
molecular weights, lower than that of the crude extract. The smallest fragments yielded the
highest antioxidant activities [94].

As mentioned earlier, the antitumor activity of the brown algae Saragasum pallidum’s
polysaccharides was improved in the smaller molecular weight extracts. In this reported
study, algae was degreased by supercritical CO2 then the degreased powder was treated with
ultrasonic waves to extract SPs that passed through a membrane for further separation. Three
polysaccharides with different molecular weights were received SP1, SP2 and SP3, the latter
had the smallest molecular weight. Each of these crude SPs was then purified using DEAE
column chromatography. Fractions received from column were investigated for their
antitumor and antioxidant activities using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) and DPPH scavenging assays, respectively. For the antitumor activity
on HepG2 (human hepatocellular carcinoma cell line) cells, A549 (human hepatocellular
carcinoma cell line) cells, and MGC-803 (human gastric cancer cell line) cells, the three
crude SPs were compared to their column fractions obtained after purification. The column
fractions of SP3 attained the best antitumor activity. In addition to molecular weight, sulfate
content was found to affect the antioxidant activity because SP3 which has the highest sulfate
percentage (22.6%) yielded two fractions from the column with the best antitumor activity
(both fractions’ sulfate percentage was 15%) [85].

As obvious from the above studies, the molecular weight has a great influence on
antitumor and antioxidant activities, thus in our study we will hydrolyze the extracted
polysaccharides with an enzyme in order to decrease the molecular size before conducting the
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antitumor and antioxidant tests. Viscozyme was the enzyme of our choice as it is composed
of a mixture of enzymes that help undergo degradation at different linkages [8].This enzyme
was proved to be efficient as reported by Kang M. et al. (2014) who extracted
polysaccharides enzymatically, from Aloe barbadensis, using ten different enzymes. The
highest yield was achieved using Viscozyme (multienzyme), whose extract exhibited the best
antioxidant activity among the ten tested extracts. Anion exchange chromatography
purification of the viscozyme hydrolysate was undertaken after separating the extract with
ethanol. The purified hydrolysate showed potent antioxidant activity as measured by DPPH,
hydroxyl and alky radical scavenging assays [95]. Clearly in this study, viscozyme was used
for extraction, however in our work we used viscozyme to hydrolyze the SPs extracts with
the purpose of decreasing their molecular weight and potentially improving their activities.

It was reported that column purification enhances the antioxidant activity of the
extracted SPs. Water soluble polysaccharides from Ganoderma atrum were passed through a
gel filtration chromatography column then analysed by IR, gas and size exclusion
chromatography, HPLC and amino acid analyser. Antioxidant activities of the purified
fractions were measured using DPPH and self-oxidation of 1,2,3-phentriol assays. Results
indicated that these fractions showed potent antioxidant activities and the activity of one of
them was comparable to that of ascorbic acid [96].

In our previous work [97], we reported the enzymatic hydrolysis of the red algal
extracts of Pterocladia capillacea using different enzymes. Each enzyme hydrolysate was
applied onto an anion exchange column for the sake of purification and not fractionation. It
was found that the viscozyme hydrolysate showed the highest antioxidant activities of more
than 90%, before and after column purification.

In the present study, we will extract SPs from the green Ulva lactuca algae using the
conventional water extraction technique. Then, we will subject the extracted SPs to an
enzymatic hydrolysis treatment followed by anion exchange column fractionation. The
different molecular weight column effluent fractions will be chemically analysed for their
total carbohydrate, sulfate, protein and monosaccharide content. They will also be
characterized using Fourier Transform Infrared Spectroscopy (FTIR). Finally, antioxidant
and antitumor activities of the fractions will be evaluated in order to determine the effect of
molecular weight and composition on these activities. To the best of the authors’ knowledge,
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this is the first study to report the combined enzymatic hydrolysis and ion exchange column
fractionation of algal SPs extracts with the aim of producing different molecular weight
fractions with different compositions and potentially various potent biological activities. The
study looks into the parameters that might affect the antioxidant and antitumor activities of
these fractions.
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4. MATERIALS
4.1. ALGAE
The marine green algae Ulva lactuca used in this study were freshly collected during
the summer from Abu-Qir at the Mediterranean coast, in Alexandria North of Egypt , figure
(4.1).

Figure 4.1. A. Wet Ulva lactuca

B. Dried Ulva lactuca

4.2. ENZYME
Viscozyme L which is a multi-enzyme complex containing arabanase, cellulase, βglucanase, hemicellulase and xylanase, was purchased from Sigma Aldrich (United States,
Missouri St. Louis).
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4.3. CHEMICALS FOR CHEMICAL ANALYSIS
Laboratory grade chemicals were used; phenol (BDH, England), and sulfuric acid
with concentration 98% (SDFCL, Mumbai, India), sodium borohydride (Lobal Chemie,
India).
Bovine albumin (99.7%, ~66 kDa) and Folin- Ciocalteu’s phenol reagent were
purchased from Sigma- Aldrich (US).

4.4. MATERIALS FOR ANION EXCHANGE COLUMN CHROMATOGRAPHY
The column packing material which is Diethyl Amino Ethyl Cellulose (DEAE) was
purchased from Whatman International Ltd., Britain.

Buffers were prepared using anhydrous ammonium carbonate and 98% ammonium
acetate (Sigma- Aldrich, United States) and acetic acid of concentration 99% (SDFCL,
Mumbai, India).

4.5. ANTIOXIDANT TEST KIT
The reagents 1, 1-Diphenyl-2-Picryl-Hydrazyl (DPPH) (molecular weight 394.32), L
ascorbic acid (AscA) 99% were purchased from Sigma Aldrich (USA).

4.6. ANTITUMOR CELLS
The four kinds of cancer cells used are:
1. HCT116(colon cell line)
2. A549 (lung carcinoma cell line)
3. HePG2 (human hepatocellular carcinoma cell line)
4. MCF7 (Breast carcinoma)
They are all from the American type culture collection ATCC (United States)
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5. METHODS
5.1. ALGAE COLLECTION AND PREPARATION
Green Ulva lactuca algae was collected in summer time from the Mediterranean Sea
in Egypt, specifically Alexandria in Abou Kir region (N 31° 19` E 30° 03`). Algae were
washed with tap water followed by deionized water, dried and ground to start extraction.

5.2. SULFATED POLYSACCHARIDES EXTRACTION
Conventional acid hydrolysis extraction steps are clarified in figure 5.1., it started by
stirring the algae in water at 80◦C and pH 5 adjusted using 1.0N HCl. Stirring lasted for 2
hours followed by filtration of the extract from algae then the extract was kept in a dialysis
bag for 48 h and at pH 7 adjusted using sodium carbonate saturated solution. Finally, the
extract was centrifuged to get rid of any undissolved molecules.

The relatively high molecular weight SPs were precipitated using ethyl alcohol with
a ratio of 4:1 alcohol to extract. The higher molecular weight molecules (precipitate) were
then separated from lower molecular weight ones (filtrate) using centrifugation. They were
afterwards dried and collected for further investigations. In what follows, higher molecular
weight molecules will be referred to as S1.
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Figure 5.1. Illustration of SPs extraction steps.
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5.3. ENZYMATIC HYDROLYSIS
S1 was hydrolyzed into smaller molecules using an enzyme mixture called
viscozyme L (a multi-enzyme complex containing arabanase, cellulase, β- glucanase,
hemicellulase and xylanase).

First, S1 was dissolved in sodium acetate buffer (pH 5.6) where 0.25 g of S1 were
dissolved in 10 mL buffer. A volume of 225 µL of the enzyme was added, then left in a
rotating shaker at 37 °C and 50 rpm.

This process was repeated several times to obtain different products by changing one
single variable which is the time of enzymatic hydrolysis. Nine products corresponding to the
different employed time intervals, were collected, centrifuged (Heraeus-Christ, GMBH336
Osteode Ma Harz No.39189) at 12000 x g for 15 min at -10 °C to get rid of insoluble
products then dried. Samples were named based on the hydrolysis duration. Different time
intervals were employed 30, 45, 60, and 90 minutes and thus samples were referred to as
V30, V45, V60 and V90, respectively.

5.4. ANION EXCHANGE CHROMATOGRAPHY
Based on the antioxidant activity results which will be shown later, V45 was chosen
as the optimum fraction and was hence further purified using diethylaminoethyl (DEAE)
cellulose anion exchange column chromatography. The column was packed with 50 g of
DEAE cellulose suspended in 0.1M ammonium acetate buffer (pH5.6).Column dimension
were 16.1 cm length and 1.3 cm diameter, as shown in Figure 5.2. Before sample application,
the column was first equilibrated with 3 column volumes of acetate buffer. One g/L of V45
was prepared in the same buffer, filtered then added to the column. Afterwards, the column
was eluted at a flow rate of 2.5 mL/min with 100 mL of ammonium carbonate in a gradient
manner from 0.0 to 1 M (0.0M, 0.1M, 0.2M, 0.4M, 0.6M, 0.8M, 1M) in addition to a final
saturated solution. Eight fractions were thus collected and these will henceforth be referred to
as F1, F2, F3, F4, F5, F6, F7 and F8, respectively. All fractions were dried and used for
further chemical and biological investigations.
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Figure 5.2. Anion exchange DEAE column

5.5. CHEMICAL TESTS
5.5.1. DETERMINATION OF PROTEIN CONTENT
Protein content was detected for 100 µg/mL of the investigated samples using
Lowry et al. (1951) [98]. The method depends mainly on adding Cu++ to the protein sample.
In an alkaline medium, Cu++ is reduced and a Cu+protein complex is formed (biuret test).
Folin- Ciocalteu reagent (a mixture of phosphotungstic acid and phosphomolybdic acid) is
then added and it gets reduced forming a blue color whose intensity is measured with UVVIS spectroscopy at 750 nm. The mechanism of the reaction with Folin- Ciocalteu reagent
has not been fully elucidated, but it generally depends on reducing phosphomolybdotungstate
with the copper protein complex. The two main reactions involved in Lowry’s test are
illustrated in Figure 5.3.
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Figure 5.3 The two reactions of Lowry test in alkaline medium
(Image courtesy of labome.com)
Lowry reagents were prepared as follows:
•

Lowry A: 2% sodium carbonate in 0.1 N sodium hydroxide solution.

•

Lowry B: 1% cupric sulfate solution + 2% sodium or potassium tartrate
solution (these two solutions were freshly mixed).

•

Lowry C: prepared by mixing 1mL of Lowry B with 50 mL of Lowry A.

Lowry’s test was conducted by adding to 1 mL of the sample, 5 mL of Lowry
reagent C and then leaving the mixture to stand for 10 min at room temperature after which
0.5 mL of Folin-Ciocalten’s reagent is added and mixed immediately. After 20 min, the
protein content in the blue mixture was measured as absorbance by UV/VIS spectroscopy at
750 nm then the corresponding concentration was determined based on a standard curve
plotted after testing different concentrations of pure bovine albumin (Appendix 1).

5.5.2. DETERMINATION OF CARBOHYDRATE CONTENT
Following the protocol outlined by Dubois el al. (1956) [99] the carbohydrates
content was determined for S1, V45 and the 8 column fractions produced from the anion
exchange chromatography. The test was conducted using 100µg/mL of each sample. About
0.5 mL of a 5% phenol solution was added to each sample, followed by 5mL of concentrated
sulfuric acid. The mixture was then left for 10 minutes at room temperature followed by 30
minutes in cool water bath. A reaction occurs where all oligosaccharides or polysaccharides
break down to monosaccharides by the sulfuric acid addition, then pentose monosaccharides
form furfural while hexoses form hydroxymethyl furfural by dehydration. These two products
then react with phenol to produce a yellowish colored compound [99,100]. This reaction with
the glucose is shown in Figure 5.4. The carbohydrate content percentage was determined by
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measuring absorbance using UV/VIS spectroscopy at 480nm and calculating the
corresponding concentration based on the calibration curves of galactose (Appendix 2).

Figure 5.4. Reaction of glucose with sulfuric acid forming furfural by dehydration and
consequent reaction with phenol to form a yellow-colored compound [100].

5.5.3. DETERMINATION OF SULFATE CONTENT
i. Cleavage of the sulfate ester groups

After hydrolysis of polysaccharides, inorganic sulfate was liberated and determined
using the method of Larsen et al. [1966] as follows [101]. First, hydrolysis of polysaccharides
was performed by placing 10 mg of each sample in a test tube with 2mL of 1 N HCl. The test
tube was then sealed and heated at 85 °C for 24 hours. Afterwards, the tube was cooled and
the produced hydrolysate was treated with sodium hydroxide to keep it neutral (pH7) and
finally 10 mL of distilled water were added.

The following assay was conducted to

determine the amount of sulfate.

ii. Turbidimetric assay of the liberated sulfate

This is based on turbidity produced from hydrolysate reaction with barium chloride
Tween-20 reagent. The assay was performed following the procedure of Garrido (1964) [101]
with some modifications.

First, the mentioned reagent was prepared, where 10 g of BaCl2 were dissolved in
small volume of water then 20 mL of Tween-20 were added to it, as a stabilising agent, and
the volume was completed to 100 mL using distilled water. Afterwards, 1 mL of the
produced mixture was added to the 10 mL of hydrolysate. The hydrolysate was then acidified
with 1 mL of 0.3 N HCl (carrier fluid), mixed and left for 15 minutes with further mixing.
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Absorbance at 500 nm was measured using UV/VIS spectroscopy to obtain the optical
turbidity [101,102], with distilled water as the blank. Concentration of sulfate was then
determined based on a standard curve constructed with purchased sodium sulfate (Appendix
4).

5.5.4. DETERMINATION OF DEGREE OF POLYMERIZATION (D.P.)
Based on the method of Timell 1960 [103] the degree of polymerization was
determined for V45, and all other 8 fractions. S1 was excluded as it has a high degree of
polymerization that cannot be detected by the test.

It is based on the fact that each monomer of the oligosaccharide contains one
reducing group which is the aldehyde. Two identical samples of the oligosaccharides are
prepared where one is reduced with sodium borohydride (figure 5.5.) and the other is
hydrolyzed with sulfuric acid. It is found that the hydrolysed sample will yield n reducing
monosaccharides while the one treated with borohydride will yield n-1 (where n is the
number of monomer in the original oligosaccharides). Then the reducing power of both
samples is detected, (via phenol sulfuric acid reaction) and the D.P. is calculated by equations
4.1 and 4.2 [103,104].

A solution of 100 µg/ml of each sample was prepared to conduct the test on it. Then,
1 mL of each sample solution was mixed with 0.5 mL of 1% sodium borohydride solution.
Distilled water was used as a blank. The prepared samples were left for one hour in the dark
to allow for sugar reduction. Another similar set of samples were prepared with addition of
0.5 mL of 2 N sulfuric acid instead of sodium borohydride. Then to both sets, 1 mL of 3%
phenol solution was added followed by 5 mL of concentrated sulfuric acid. Samples were left
for 10 minutes at room temperature then 25 minutes in cold water bath and finally absorbance
was measured at 480 nm.

The degree of polymerization was calculated using the following equation [103]:
Q

= A1 / A2 …………………………………………….. Eq. (5.1)

D.P. = Q / (Q-1)…………………………………………….. Eq. (5.2)
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Where A1 and A2 are the absorbances before and after reduction, respectively and
D.P. is the degree of polymerization.

Figure 5.5. Reduction of aldehyde group into alcoholic group with sodium
borohydride (image courtesy of chem.ucalgary.ca)

5.6. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY ANALYSIS
Fourier transform infrared spectroscopy was performed for S1, V45 and all 8
column fractions. Samples were mixed with potassium bromide in the form of 1-mm pellets
and analyzed in a TGA/FT-IR Nicolet 380 spectrometer for a range of wavenumbers between
500 and 4000 cm-1.

5.7. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) ANALYSIS
Sugar Extraction
Samples were analyzed for mono- and disaccharides by high-performance liquid
chromatography (HPLC) according to Association of Analytical Communities AOAC
(AOAC, 1997) [105] Sugars were extracted into double distilled water for 3h; the extract was
passed through C18 Sep-Pakcartridge and stored under refrigeration till analysis.

Standard solutions of glucose, glucuronic acid, rhamnose, galactose and xylose
sugars were prepared by diluting each analyzed sugar with deionized water. The structure of
each of the five tested sugars is shown in Figure 5.6. These sugars were chosen for analysis
as they are the most abundant sugars in Ulva lactuca.
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Figure 5.6. Molecular structure of the five tested sugars [100].

HPLC analysis of sugars
Samples were filtered through a 0.45 µm membrane. Analysis of the carbohydrate in
the filtrate was performed using HPLC, Shimadzu Class-VPV 5.03 (Kyoto, Japan) equipped
with refractive index RID-10A Shimadzu detector, LC-16ADVP binary pump, DCou-14 A
degasser, Shodex PL Hi-Plex Pb column (Sc 1011 No. H706081) Guard column Sc-Lc
Shodex, and a heater set at 80oC. Separation and quantitation were carried out with deionized
water as the mobile phase. Injection volume for each standard and sample was 20 µL.

The method used for separation was ligand exchange where the lead Pb ions
attached to column interact with the hydroxyl group in the mono and di saccharides and then
sample was eluted with the water.
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5.8. BIOLOGICAL ACTIVITY TESTS
5.8.1. ANTITUMOR TEST
The antitumor cell test depends basically on the cytotoxic effect of each of the
samples on the cancer cells. In this test, cell viability was measured, as per Mosmann assay
(1983) [106,107], by reduction of yellow MTT to purple (3-(4,5-dimethylthiazol-2-yl)-1, 3diphenyl formazan via mitochondria, the reaction is depicted in Figure 5.7. [107,108,109].

Figure 5.7. Mitochondrial reduction of MTT to formazan (Image courtesy of mdpi.com)

All the following procedures were done in a sterile area using a Laminar flow
cabinet biosafety class II level (Baker, SG403INT, Sanford, ME, USA). Cells were
suspended in Roswell Park Memorial Institute RPMI 1640 medium for HePG2- MCF7 and
HCT116 – Dulbecco's Modified Eagle Medium DMEM for A549. The media were
supplemented with 1% antibiotic-antimycotic mixture to prevent any bacterial or fungal
contamination (10,000U/ml Potassium Penicillin, 10,000 µg/mL Streptomycin Sulfate and
25µg/mL Amphotericin B), 1% L-glutamine and 10% foetal bovine serum to help in the
growth of cells and the mixture was kept at 37 ºC under 5% CO2.
Cells were batch cultured for 10 days, then seeded at a concentration of 10x103
cells /well in fresh complete growth medium in 96-well microtiter plastic plates at 37 ºC for
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24 h under 5% CO2 using a water jacketed carbon dioxide incubator (Sheldon, TC2323,
Cornelius, OR, USA). Media was aspirated, fresh medium (without serum) was added and
cells were incubated either alone (negative control) or with different concentrations of sample
to give final concentrations of (100, 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78g/mL). After 48
h of incubation, medium was aspirated, 40 L MTT salt (2.5 μg/mL) were added to each cell
and incubated for further four hours at 37ºC under 5% CO2. To stop the reaction and dissolve
the formed crystals, 200 μL of 10% Sodium Dodecyl Sulphate (SDS) in deionized water was
added to each well and incubated overnight at 37ºC. A positive control (doxorubicin) at 100
µg/ml was used as a known cytotoxic natural agent which gives 100% lethality under the
same conditions as per Thabrew et al., 1997 [110].

The absorbance was then measured using a microplate multi-well reader (Bio-Rad
Laboratories Inc., model 3350, Hercules, California, USA) at 595 nm and a reference
wavelength of 620 nm. A statistical significance was tested between samples and negative
control (cells with vehicle) using independent t-test by SPSS 11 program. Dimethyl sulfoxide
DMSO is the vehicle used for dissolution of algae extract and its fractions and its final
concentration on the cells was less than 0.2% [107,108]. The percentage of change in
viability was calculated according to the formula [108]:

% change in viability = (Reading of extract / Reading of negative control) -1) x 100

Eq 5.3

As mentioned earlier, sample concentration ranged from 100 to 0.78 µg/mL. The
samples that showed 75% or more lethality at 100 ppm were further investigated for lower
concentrations.

The cancer cells used were four types and each sample was tested for its effect on
each of the four types.
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5.8.2. ANTIOXIDANT TEST
2, 2-diphenyl-1-picrylhydrazyl (DPPH)) radical scavenging assay

Following Blois 1958 [111], with minor modifications, 1M DPPH solution (95%
methanol) along with samples of different concentrations 50, 100, 250, 500 and 1000 μg/mL
were prepared. A volume of 2 mL of the sample was mixed with 2 mL of DPPH solution.
The DPPH is dark in color having the DPPhydrazyl, and its decolorization occured when the
reaction was left to proceed in the dark for 1 hour forming the DPPhydrazine (figure 5.8.).
Colorimetric assay was performed by measuring absorbance at 517 nm to detect the
decolorization. Methanol solution (95%) was used as a blank.

The lower the absorbance the higher the antioxidant activity. Standards of ascorbic
acid was used as references. The scavenging activity was calculated according to the
following equation [111]
Scavenging rate (%) = [A0-(A2-A1)]/A0 *100

Eq 5.4

Where Ao is the absorbance of the DPPH solution free of samples, A1 is the absorbance of
the tested samples in absence of DPPH, and A2 is the absorbance of the tested samples in
presence of DPPH.

The inhibitory concentration at 50% (IC50 value) was calculated as the
concentration of the sample or the standard antioxidant (μg/mL) that is required to
scavenge 50% of the DPPH.

Figure 5.8. Hydrogen transfer to convert the free radical hydrazyl in the DPPH to hydrazine
[112].
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6. THEORETICAL BACKGROUND
This chapter will give a background on spectroscopy in general and UltravioletVisible (UV-Vis) spectroscopy along with Fourier Transform Infrared Spectroscopy (FTIR),
in particular, as they are both used in our study. This is in addition to chromatography,
specifically the High Performance Liquid Chromatography (HPLC) and anion exchange
column chromatography.

6.1. SPECTROSCOPY OR SPECTROPHOTOMETRY
Spectroscopy is a technique used in analytical chemistry for quantitative and
qualitative analysis. Basically, electromagnetic radiation is used and according to its
absorption or emission, characteristics of tested molecules or atoms can be deduced.

Electromagnetic waves vary from the shortest in wavelength and highest in energy,
gamma rays, to the longest and least energetic radiation, radio waves.

The value of the energy of a photon of electromagnetic radiation is a key factor in
spectroscopy. In atomic spectroscopy, where the interaction happens between the radiation
and the atom, the energy of the photon excites the electron and makes it move to a higher
energy level. For an electron transition to take place, the energy of the photon (hv) has to be
equal to the energy difference (ΔE) between the two energy levels [113,114].
ΔE= hv …………………………………… Eq. (6.1) [113]
Where h is Planck’s constant and v is frequency of the photon.

In molecular spectroscopy, the electromagnetic radiation interacts with the molecule
and not the atom. It involves vibration or rotation of a bond. It may also involve electron
movement from one energy level to the other but between two atoms. In this kind of
spectroscopy, radiation ranges from the visible to the microwave region and includes the
infrared and ultraviolet regions.
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Visible radiation varies from violet that has the highest wavenumber (the reciprocal
of wavelength) to red with the lowest wavenumber. The ultraviolet is at a higher wavenumber
than violet light and infrared is at a lower wavenumber than red light.

In UV/VIS spectrophotometry, either ultraviolet or visible light excites the electrons
in valence shell to a higher energy level. Electrons in p or d orbitals can exist in generally 3
electronic levels namely, σ, π and n. σ is occupied in saturated compounds, and π is occupied
in unsaturated compounds at the conjugated bond; while n contains the non-bonded electrons
(lone pairs).

The different levels have different energy values and based on the radiation absorbed
by the molecule, the transition of the electron to the relevant level occurs. The order of
electronic energy levels and the relevant electronic transitions are illustrated in Figure 6.1.

Figure 6.1. Electronic energy levels and possible transitional changes (Image Courtesy of
MSU.edu)
The σ *, π* are the antibonding levels that are normally unoccupied and may
become occupied due to an external excitation of the electron by electromagnetic radiation.
The most probable transition occurs from HOMO to LUMO where HOMO is highest
occupied molecular orbital and LUMO is lowest unoccupied molecular orbit.

In general any spectrophotometer, instrument used in spectroscopy, must include
four main compartments starting with the source of electromagnetic radiation, followed by
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the filter or the monochromator that does not allow passage of any wavelength except the one
required for the specific sample. The sample is placed in a cell compartment through which a
specific radiation is transmitted and then measured at a detector as intensity, from which
absorbance can then be calculated [113,114].

6.1.1. ULTRAVIOLET- VISIBLE (UV-VIS) SPECTROSCOPY
In general for any compound to appear colored, it has to be exposed to white light
(composed of the seven visible colors) then an electronic transition occurs in this compound
leading to its color detection by our eyes. The part (bond) in the compound responsible for
the color appearance due to electronic transition is called chromophore. When the electron
transition happens, it means that energy from photons is absorbed and based on the
wavelength of this energy, the relevant color is absorbed and its complementary color is the
one detected by our eyes. In Figure 6.2., a wheel showing complimentary colors opposite to
each other. For example for a compound to appear red, it absorbs all green color from white
light.

Figure 6.2. Wheel showing different visible radiation wavenumbers and complimentary
colors are placed opposite to each other (Image courtesy of dartmounth.edu)
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Visible spectroscopy depends on the absorption of photons by the sample and
measuring its amount (quanta) will allow us to know the amount of the tested compound in
our sample.

Chromophore is not only found in colored compounds but also in organic
compounds that contain functional groups that may undergo electronic excitation. Examples
of these functional groups are shown in Table 6.1.

Table 6.1. Absorption wavelengths of some organic functional groups [113].

Chromophore

System

Wavelength of absorption maximum (nm)

Amine

-NH

Bromide

-Br

208

Iodide

-I

260

Aldehyde

CHO

210

Carboxylic acid

COOH

Nitro

-NO

Azo

-N=N-

195

2

200-210
210

2

285-400

As obvious from the table above, the wavelength range falls in the UV region. The
UV and visible radiations ranging from 200-800 nm can both be used in one
spectrophotometer [113].

First to understand the calculations used in this technique, we will discuss Beer
Lambert’s Law.
Beer Lambert’s law:
This law relates the absorbance of the sample to its concentration as per equation
6.2.
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A= εbc ……………………………………..Eq. 6.2 [114]
Where A is the absorbance, ε is the molar absorptivity (L/mol. cm) which is constant for each
compound, b is the path length (cm) and c is the concentration of the sample (mol/L).

From this law, knowing the molar absorptivity and path length of the sample (related
to cuvette size), we can calculate the sample concentration easily. This law can be expressed
with transmittance but absorbance is preferred as it shows a direct linear relationship with
sample concentration at low values [114].
In general, deviation from Beer Lambert’s law may be encountered due to the
presence of impurities in the sample as well as solvent instrument variations. Therefore, a
calibration curve is constructed to relate the absorbance to the concentration using a relative
standard at different known concentrations, then using this curve we can get the concentration
of tested samples.

In this work, calibration curves were constructed for the different employed tests.
For the carbohydrates test, two calibration curves were constructed, one for galactose and one
for glucose, both were comparable. We referred to galactose in our results.

For the protein, bovine albumin was used as a standard. For the sulfate, sodium
sulfate salt was employed. Ascorbic acid was used for the DPPH test.

The UV-Visible spectrophotometer is either composed of two cell compartments or
just one. The one used in our study is a single beam photometer. This is composed of many
parts as shown in Figure 6.3.

48

Figure 6.3. Different parts of the single beam UV-Vis spectrophotometer (image courtesy of
sdmiramar.edu)

Here are the different components in detail [113].
Source of radiation
This may be a lamp that emits a specific wavelength or a wider range of UV and
visible radiation and it is followed by a monochromator.

Monochromator
This is a dispersion device like a prism that diffracts the radiation into different
wavelengths that are then received by an aperture or exit slit that allows the passage of the
specific wavelength. The diffraction grating is composed of glass in case of visible light, and
quartz in case of UV light.

Sample cuvette
This follows the aperture and is filled first with the reference that contains the
solvent without the tested compound to adjust the absorbance considering that the reference
absorbance is zero. The cuvette is then filled with the sample and absorbance is measured.
Cuvette can be made of glass or quartz that does not absorb radiation and the commonly used
path length (internal) is 1cm.
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Radiation leaving the sample is received on a detector to determine sample
absorbance. Sometimes, another aperture exists before the detector to ensure transmittance of
only the required wavelength.

Detector
There are three types of detectors whose working principle depends on converting
radiational energy into electrical signals. The intensity of the produced electric current is
measured by a galvanometer.

Photovoltaic cell
It consists of a metal plate and on top of it a semi-conductor metal like selenium,
followed by a silver thin layer. Both the plate (base) and silver are considered electrodes, the
selenium becomes the source of electrons once the photon falls on it. These electrons formed
on top of the selenium layer are in contact with the silver layer. The difference in voltage
between the two electrodes could be measured by the galvanometer. Figure 6.4. shows the
different parts of the photovoltaic cell. The main drawback of this detector is that it is limited
to only some of the wavelengths in the visible region.

Figure 6.4. Photovoltaic cell detector [113]
Phototubes
This kind of detectors consists of a glass bulb that contains a metal in the shape of
half a cylinder and it acts like a cathode once radiation hits it. Electrons are then emitted and
sent to an anode that transmits it through the circuit generating a current that passes through
the existing resistance. Current intensity is then measured and it may also be amplified by
electronic means to facilitate differentiation between one intensity and the other. The detector
with all its components are shown in Figure 6.5.
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Figure 6.5. Phototube detector [113].

The metals coating the cathode are specific for the employed wavelength region , for
example metal oxide will emit electrons of visible light while UV will require quartz coating.

Photomultiplier tubes
This kind of detector is similar to the phototube but has higher sensitivity. This
improved senstivity is achieved by increasing the number of electrons that provide the circuit.
The mechanism starts by receipt of the photons on the cathode. In the glass tube, other metal
plates exist and they are called dynodes. The first dynode then receivesthe emitted electrons
and emits, in turn, 2 to 5 electrons for each electron received by the plate. Afterwards, all
these emitted electrons are received on another dynode and more electrons are emitted, as
depicted in Figure 6.6. This way, the number of electrons is multiplied until they reach the
anode that collects all electrons onto the circuit so that intensity is measured.

Figure 6.6. Photomultiplier tube detector [113]
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Comparing the photomultiplier to the phototube with the electronic amplifier, the
multiplier can measure a current that is 200 times weaker than the one that can be measured
by the phototube.

In spectroscopy, not only electronic transitions are caused by radiation absorption
but also vibration and rotation of the molecules. In general, any molecule has atoms that are
continuously vibrating periodically and the whole molecule is rotating. UV and visible
radiation stimulates electronic transitions, while infrared radiation promotes vibrational
motion of molecules. Infrared (IR) spectroscopy uses IR radiation as the light source in order
to characterize these vibrational motions and hence determine the corresponding functional
groups present in the analyzed molecules.

In the antioxidant test, a digital UV- Vis spectrometer specific for the 96-well
microtiter plastic plates was used. It is basically reading each well separately and providing
results for each filled well at a time. The only difference here is that the radiations pass by
each sample separately in a vertical way and not crossing the sample horizontally so the
amount of sample added to the well has to be accurate to fix the path length of the radiations
in all wells.

6.1.2. INFRARED (IR) SPECTROSCOPY
The infrared region lies between the visible and the microwave regions. It is itself
divided into three regions: near infrared (12500-4000 cm-1), mid infrared (4000-667 cm-1)
and far infrared (667-50 cm-1). The commonly used for organic compound vibration-rotation
spectroscopy is the mid infrared.

Since IR absorption leads to vibration and rotation of molecules, thus the
wavelength absorbed depends on the bond strength , the mass of the atoms and geometry of
the molecule.

In infrared spectroscopy, charts are constructed to show the different bands
appearing at different wavelengths or wavenumbers. Transmittance or absorbance is plotted
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on the y-axis versus wavenumber on the x-axis.Bands appear because the change in
vibrational and rotational energy occurs over a relatively wide wavenumber range.

The IR spectroscopy instrument is composed of radiation source, monochromators,
sample cell and detector.

Radiation source
The radiation source could be incandescent lamp, Nernst glower, globar source or
mercurry arc. Nernst glower is a rod of rare earth oxides that upon heating at 1000-1800 °C
emits radiation up to 7100 cm-1, Globar is a rod as well but composed of silicon carbide that
is heated at 1300-1700 °C and emits radiation up to 5200 cm-1. The mercury arc is the only
source that is suitable for far infrared with radiations’ wavenumber < 200 cm-1.
Radiations are emitted from the source and reach the sample and the reference

Sample cell
The sample could be solid, liquid or gas and in all cases the sample should be
accompanied with substances that do not absorb IR. Our samples were solids so we will
discuss the different means for solid sample preparation and they are as follows:
1. Dissolving the solid sample in a solvent and measuring this solvent as the reference.
2. Forming a solid film by preparing a sample solution then evaporating the solvent to
deposit the sample on KBr or NaCl cell.
3. Mixing the sample with mineral oil (Nujol Oil) and this is known as the Mull
technique.
4.

Mixing 1 part of the sample to approximately 100 parts of KBr and compressing them
to form a KBr pellet that is then exposed to the radiations. This is the technique used
in our study.

After the radiations leave the sample, they pass by the monochromator.

Monochromators
The monochromator is required to select the desired wavelength from a spectrum.
For IR, two types of monochromators may be used.

Prism monochromator: is composed of metal halide because it allows transmittance of IR
radiation.
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The prism monochromator could be single pass or double pass as shown in Fgures
6.7. and 6.8., repectively.

Figure 6.7. Single pass monochromator [113].

Figure 6.8. Double pass monochromator [113].
In the single pass monochromator, the radiations pass through the entrance slit then
to the sample, then to mirror B that sends parallel radiations to the prism which, in
turn,refracts them and the required wavelength range is received on mirror D that reflects it
back to mirror B and on to the exit slit and detector.

For the double pass monochromator, mirror B is an off axis parabolic mirror that
reemits the radiations once received to the prism to obtain better resolution.

Recent developments in the design of the IR instrument involved replacement of the
prism with diffraction grating to achieve better dispersion.

Diffraction grating
In this type of monochromators, a diffraction grating having several slits is used to
isolate different wavelengths. The grating as seen in Figure 6.9., has a sawtooth shape and is
made of aluminum. Spacing between teeth plays a role in wave interference and consequently
allows for various ranges of wavelengths to reach the detector.
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Figure 6.9. Sawtooth diffraction grating with incident beam and its diffracted one [113].

Both monochromators mentioned earlier are used in dispersive IR spectroscopy.
With the latest filters developments, an interferometer was placed instead of the
monochromator and the instrument is known as:

Fourier Transform Infrared (FTIR) Spectrometer.
The interferometer

This is placed after the radiation source , and is composed, as shown in Figure 6.10.,
of a beam splitter that splits the incident beam into two equal beams of radiation
perpendicular to each other. Both beams are reflected back by two mirrors, one is fixed and
the other is movable. Both beams meet and interference occurs either constructively or
destructively, fully or partially. Displacement of the movable mirror changes the resultant
wavelength obtained from interfering radiations. Thus through this mirror, sample will
receive different wavelengths that are then transmitted to the detector one after the other due
to alternate constructive and destructive interferences form sinusoidal signals that represent
the intensity profile.
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Figure 6.10. Michelson interferometer ( Image Courtesy caltech.edu)

The transmitted radiations reach the FTIR detector that is a thermal type detector,
usually the pyroelectric detector. Figure 6.11. shows the different parts of the FTIR
spectrophotometer.

Figure 6.11. Different parts of the FTIR spectrophotometer ( image courtesy of
http://teaching.shu.ac.uk)
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Pyroelectric detector
It is composed of a material that has the ability to create an electrostatic charge due
to change in temperature. So depending on the intenisty of radiation, heat reaching the
detector will change leading to electrostatic charge that is received by electrodes thus causing
difference in voltage.

6.2. LIQUID CHROMATOGRAPHY
This technique is based on the separation of the components of a sample according
to their interaction with both the mobile and stationary phases. Components of a mixture are
separated by virtue of the differences in their migration rates from the mobile to the
stationary phase. The mobile phase is supported on either a column or a planar surface.
Following is a discussion of column chromatography since it is the technique employed in the
present study.

6.2.1. COLUMN CHROMATOGRAPHY
A glass column is packed with the stationary phase (resin). At the bottom of the
column, a porous plate is fixed to avoid stationary phase from blocking the outlet of the
column.

After packing the column, the sample dissolved in the mobile phase (solvent) is
injected onto the column where it interacts with the packing material. Mobile phase is then
loaded onto the column then elution takes place to separate the targeted species based on their
differential migration rates. Separation could be based on size, affinity, net surface charge,
polar or hydrohobic interactions. In this work, ion exchange chromatography was used to
separate mixtures based on their net surface charge.

Chromatography can be performed for the purpose of separation or purification of
mixtures and is thus termed ‘preparative chromatography’. On the other hand, ‘analytical
chromatography’ is used to determine the composition of mixtures. In this work, we used a
specific type of preparative chromatography known as ‘ion exchange chromatoraphy’ to
fractionate the hydrolysate mixture. We also utilized analytical chromatography to analyze
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sugars present in the produced fractions. This chromatographic technique was performed
under high pressure and is therefore known as ‘High Performance Liquid Chromatography
(HPLC)’. In what follows, we will discuss both ion exchange and HPLC column
chromatography.

6.2.1.1. ION EXCHANGE COLUMN CHROMATOGRAPHY

The principle of ion exchange chromatography, and specifically anion exchange is
illustrated in Figure 6.12.

Figure 6.12. Principle of anion exchange chromatography (Image courtesy of shimadzu.com)

The packing material used is the resin which is positively charged. This resin is first
equilibrated with anions of the mobile phase. The sample is then loaded and displaces the
anions that are attached to the resin. Afterwards, the mobile phase or eluent is loaded such
that the sample anions are displaced by mobile phase anions which then leave the column and
are collected at the column outlet. The mobile phase/eluent may be added gradually, starting
from low molarity to higher molarity (gradient elution). The low molarity mobile phase will
elute the less bound sample anions and then the higher in molarity will elute the ones that are
slightly more bound and so on. Sometimes, the mobile phase is isocratic with constant
molarity throughout the elution process. In this case, the mobile phase elutes all anions at a
time [115].
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6.2.1.2. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

Figure 6.13. shows the different components of the HPLC instrument.

Figure 6.13. Components of the HPLC instrument [116]

As can be seen from the diagram, the mobile phase is fed onto the HPLC column
(stationary phase) using a pump. The column effluent passes to the detector which is
connected to a computer data acquisition system that produces a plot of the measured signal
versus the retention time or volume. This plot is known as the ‘chromatogram’. The sample is
loaded onto the column via an injector. The HPLC column is surrounded by a heater that
maintains the temperature almost constant (usually adjusted from 25-40 °C). Sometimes, the
temperature is increased to facilitate removal of the sample from the column, as is the case in
our study, where the temperature was set at 80 °C.

Based on the stationary phase, the technique of HPLC can be classified into:
Normal phase, where the stationary phase is polar ( silica mostly) and this is used for polar
analytes.
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Reversed phase, where the stationary phase is also silica but with non polar
components attached to it such that it interacts with non polar analytes . Based on the
stationary phase, the mobile phase is chosen. If it is a normal phase,then the mobile phase has
to be non polar and vice versa. Examples of mobile phases used in normal phase are per
example hexane and dieethyl ether; while for the reversed phase; water, acetonitrile or
methanol could be used.

Sometimes, the separation is based on the ion exchange or size exclusion
mechanisms. Again like the liquid chromatography, the mobile phase could be used in either
isocratic or gradient elution mode. In the former, the composition of the mobile phase
remains constant throughout the elution time. However in the gradient one, the composition
changes steadily with time. The mobile phase could be one of the solvents mentioned above
or a mixture of two of them.

In our study, the ligand exchange separation is the mechanism employed. Where the
stationary phase has ions, transition elements like calcium or lead Pb. Then the sample
interacts with it due to the presence of an electron donating group in the sample molecule.
Then the mobile phase elutes the less interacting sample ( with stationary phase) followed by
the more attached one.

The column material in our study is based on a monodisperse cross-linked
sulfonated polystyrene/divinylbenzene resin with counter ions of Pb that are positively
charged. The hydroxyl group of mono or disaccharides interacted with Pb ions in the column
then elution with deionized water was undertaken [116,117].

The detector that receives the mobile phase could be a UV-Vis detector or a
refractive index detector. The UV-Vis was mentioned earlier in detail. The refractive index is
the one used in our study and Figure 6.14. shows its components.
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Figure 6.14. Components of the refractive index detector [116].

As seen from the figure, the column effluent passes through a flow cell subjected to
radiation from the light source . Refraction of light occurs according to the analyzed sample.
When the mobile phase is free from the analyte, incident radiations refraction angle is
recorded as a reference angle. When it carries the analyte, the refrative angle will differ and a
peak will appear in the chromatogram showing the retention time of the component on the
column.

For qualitative analysis, the retention time of each component should be compared
to that of a known standard. For a quantitative purpose, the area under the peak is also
identified for known concentrations of the standard and a calibration curve is constructed
from which the analyte concentration is determined [116].
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7. RESULTS AND DISCUSSION
In what follows, we investigate the effect of the enzymatic hydrolysis and anion
exchange chromatographic purification on the biological activity of the algal extract. Two
activities will be discussed, DPPH antioxidant activity and antitumor activity. First, we will
determine the optimum time required for enzymatic hydrolysis by hydrolyzing the mother
algal extract (S1) at different time intervals and testing the antioxidant activities of the
hydrolysates.

7.1. ENZYMATIC HYDROLYSIS
To determine the optimum time required for enzymatic hydrolysis, the algal extract
(S1) was enzymatically hydrolyzed using Viscozyme L for different time intervals of 30, 45,
60 and 90 min to produce the fractions V30, V45, V60 and V90, respectively. The
antioxidant activities of these fractions at different concentrations are plotted as a function of
time as shown in Figure 7.1.

Figure 7.1. Antioxidant activities of different concentrations of the enzymatically hydrolyzed
fractions as a function of enzymatic hydrolysis time.
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The results in figure 7.1 shows that the composition of the hydrolysate of the SPs
changes with the change of hydrolysis time, since at each time the activity varied. As it is
clear from the figure, the highest antioxidant activities at all the employed concentrations are
exhibited at 45 and 90 min. Although, slightly higher values are shown at 90 min, yet this
does not justify working for double the time interval. Therefore, the optimum time was
chosen to be the 45 min and the fraction V45 (SPs hydrolysed with viscozyme for 45
minutes) will be employed for the rest of our study.

7.2. ANION EXCHANGE COLUMN CHROMATOGRAPHY
The enzymatically hydrolyzed fraction (V45) was applied onto DEAE anion
exchange column to separate the different sugar chains. Since the pKa values of most sugars
are above 12, they are retained onto the column at high pH. Therefore, a basic eluent,
ammonium carbonate, was used in the gradient mode (increasing molar salt concentration) to
separate monosaccharides and oligosaccharides. As mentioned earlier, eight column effluent
fractions (F1-F8) were collected and analyzed.

7.3. CHARACTERIZATION OF THE ALGAL FRACTIONS
7.3.1. CHEMICAL ANALYSIS
Column effluent fractions along with S1 and V45 were chemically analyzed. The
total protein, carbohydrates and sulfate contents in each fraction are listed in Table 7.1. along
with the degree of polymerization.
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Table 7.1. Protein, carbohydrate and sulfate contents together with the degree of
polymerization for the parent algal extract, the hydrolysate and the column effluent fractions.
Fraction

%Protein

%

%Sulfate

Carbohydrates

Degree of
polymerization

F1

11.3±0.90

13.8±1.10

1.2±0.10

1

F2

18.8±0.80

29.3±2.10

0.6±0.04

1.31

F3

7.5±0.60

3.7±0.26

9.1±0.70

1.21

F4

26.9±1.90

11.0±0.90

11.6±0.90

2.53

F5

10.6±0.90

14.9±1.10

15.5±1.10

3

F6

3.1±0.05

15.0±1.30

38.0±2.90

3

F7

0.2±0.00

25.0± 2.00

32.0±2.70

3.33

F8

0.0±0.00

16.1±2.10

12.0±1.90

4.55

V45

13.1±1.10

29.1±2.10

4.1±0.30

6
___

S1

5.2±0.30

36.2±3.50

32.3±3.10

*Values except D.P. are expressed as mean ±SD

Among the investigated fractions, S1 has the highest % carbohydrates. With the
enzymatic hydrolysis of S1 to produce V45, the carbohydrate and sulfate contents decreased
on the expense of the protein content. This is because Viscozyme broke down the saccharide
linkages and as a result of centrifugation and decantation, some of the broken soluble sugars
were removed. F4-F8 have the highest sulfate contents, with a corresponding degree of
polymerization of 3-5. In addition, F4 has the highest protein content while F7 and F8 contain
traces of proteins.
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The algal extract (S1) contains comparable contents of carbohydrates and sulfates.
The same holds true for each of fractions F4, F5 and F8.

Following the degree of polymerization trend, it can be deduced that fractions with
lower D.P. were eluted first from the column and these represent monosaccharides and
disaccharides. Later, the longer chain sugars, oligosaccharides, were eluted. This is because
they were more strongly bound to the column by virtue of their charge and therefore required
an eluent with higher ionic strength. The hydrolysate V45 that was fed to the column has D.P.
of 6 and therefore was not eluted due to its large size and it was observed experimentally that
a greenish color was remaining in the column after the end of each run. Regeneration of the
column was done by resuspension (in 0.1M NaOH/0.5 M NaCl solution) of the resin, packing
and washing with 5 volumes buffer

7.3.2. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) ANALYSIS
The algal extract (S1) along with the column fractions (F1-F8) were analyzed using
FTIR spectroscopy. The relevant FTIR spectral profiles are shown in Figures 7.2.-7.11.
The main functional groups present in the analyzed fractions are summarized in
Table 7.2.
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Figure 7.2. F1 chart
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Figure 7.3. F2 chart
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O-H

Figure 7.4. F3 chart
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Figure 7.5. F4 chart
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Figure 7.6. F5 chart
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Figure 7.7. F6 chart
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Figure 7.8. F7 chart
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Figure 7.9. F8 chart
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Figure 7.10. V45 chart
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Figure 7.11 S1 chart
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Table 7.2 Summary of the FTIR spectral analysis

Functional group

Wavelength

range Bond

S1

V45

F1

F2

F3

F4

F5

F6

F7

F8
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X

(cm-1)
Hydroxyl

3500-3200

Amide

1670-1600

Sulfate

1450-1350

Sulfoxide

1060-1030

Ester sulfate

805-900

Aromatic ester

1310-1250

Thiocarbonyl

1060-1200
(~1110)

O-H stretch
C=O
stretch
S=O
stretch
S=O
stretch
C-O-S
stretch
C=O
stretch
C=S stretch
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As clear from the table, S1 and V45 along with all column fractions show bands in
the range 3200-3500 cm-1 corresponding to the stretching vibration of the hydroxyl group.
They also exhibit bands in the range 1450-1350 cm-1 which can be ascribed to the stretching
vibration of sulfate group (S=O bond) [117,118,119]. According to an earlier study
conducted on Ulva lactuca polysaccharides, amide peak appears at the wavelength range of
1670-1600 cm-1 [120].
Aromatic ester bands appeared at ~1200 cm-1 in F6, F7, F8 and S1 [116]. In
addition, sulfoxide bands appeared in S1, V45, F1, F2 and F8 at 1055, 1058, 1059, 1075 and
1025 cm-1,respectively and these are attributed to the stretching vibration of S=O [121]. Only
F8 and S1 showed bands corresponding to ester sulfate at 833 and 848 cm-1, respectively
[122,123,124].The ester sulfate bond is confirmed by the presence of both aromatic ester and
sulfoxide bands in F8 and S1. As a result of hydrolysis, some of the ester sulfate bonds in S1
could have been broken and thus they appeared only in the highest molecular weight fraction
(F8). Although the ester sulfate and aromatic ester bands did not appear in V45, these groups
were probably present but in low concentrations that could not be detected by FTIR.

For fractions F3, F4, F5, F6 and F7, peaks appeared at wavenumbers of 1116, 1115,
1113 and 1111 cm-1, respectively. These correspond to the C=S stretching vibration of
thiocarbonyl [118]. The absence of thiocarbonyl bands in S1 and V45 does not indicate the
absence of thiocarbonyl groups since their concentrations are expected to be higher in the
fractions than in S1 or V45 and hence were detectable in the fractions but not in S1 or V45.

Furthermore, the band pertaining to the O-H bending vibration of phenolic groups
appeared at 1365 cm-1 in F3 only, while that corresponding to the thiol stretching vibration
(S-H) appeared only in F8 at 2583 cm-1 [125,126].

In conclusion, all fractions along with S1 and V45 contain hydroxyl, sulfate and
amide groups. All fractions together with S1 and V45 and apart from (F3-F7) contain
sulfoxide groups. F3-F7, however, possess thiocarbonyl groups instead.

71

7.4. BIOLOGICAL ACTIVITY OF THE ALGAL FRACTIONS
7.4.1. ANTIOXIDANT ACTIVITY
The antioxidant activities of the column effluent fractions at different concentrations
are depicted in Figure7.12., along with those of S1 and V45.

aa

a

a

a

cc

b b

a

a

d
d

b

Figure 7.12. Antioxidant activities of the column effluent fractions at different
concentrations, along with those of the mother S1 extract and the enzymatically hydrolyzed
extract V45. The figure inset shows the activity of ascorbic acid at different concentrations.
Sets with the same letters have insignificantly different values at p=0.05.

The relevant IC50 values are presented in Table 7.3.

72

Table 7.3. Antioxidant activity of the different algal fractions
Fraction

IC50 (g/mL)

S1

743.0

V45

806.9

F1

899.0

F2

828.1

F3

856.2

F4

834.0

F5

898.5

F6

897.3

F7

865.3

F8

898.5

Ascorbic acid

501.0

As can be seen from the figure 7.12., the antioxidant activity is concentration
dependent for S1 and all column fractions. It is also clear from both the figure and table that
at all concentrations, the activity of the mother fraction (S1) decreased with enzymatic
hydrolysis. Furthermore, the anion exchange purification of the enzymatically hydrolyzed
fraction did not improve the activity. The same finding was reported by Chen et al. in their
study on Ganoderma atrum mushrooms. [127]. Furthermore, it was found in another study
performed on polysaccharides extracted from the brown seaweed Saragasum pallidum that
the crude extracts showed better antioxidant activity than the ones purified using anion
exchange DEAE column and this supports our results as well [128].

Amongst the 8 column effluent fractions (Figure 7.12.), F2 and F4 are the only two
fractions that showed their highest activities above 60% and these were achieved at 1000
g/mL. These activities are slightly lower than that of V45 (63%) and are comparable to that
of fraction F3 at the same concentration. The fractions F5 and F8 also showed comparable
antioxidant activities but at lower concentrations.

The mechanism of DPPH scavenging activity is that of hydrogen transfer from the
antioxidant to the DPP hydrazyl (radical) to convert it into DPP hydrazine and this is to avoid
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presence of the active free radical because the free radicals have the capability of
degenerating the proteins, lipids and DNA leading to a degenerative disease, thus avoiding
their presence is required in human bodies or food on shelf [71]. The hydrogen transfer is
suggested to take place through a possible reaction between the radical and amine or amide
groups present in the antioxidant [129]. As deduced from the FTIR analysis, the amide group
is shown in all fractions and therefore all of them have an antioxidant activity. The highest in
protein content are F2 and F4 and they are the only two fractions that showed antioxidant
activity above the 60% so it could be attributed to the higher amount of protein which
indicates higher content of amide groups. However, there is no direct correlation between the
antioxidant activity of the tested fractions and their protein content and this is because there
are other functional groups that could be involved in the antioxidation reaction such as OH
groups for example.

It can also be noted that the fractions with relatively higher antioxidant activities
(F2, F3, F4 and F5) all possess 1 < D.P.  3 except for fraction F8. The relatively high
activity of F8 despite its high D.P. could be due to its possession of various functional groups
probably at high concentrations. In addition, each of fractions F4, F5 and F8 along with S1
possess comparable carbohydrate and sulfate contents, as previously mentioned. This might
suggest that the carbohydrate to sulfate ratio influences the antioxidant activity. Fractions F6
and F7, on the other hand, exhibited lower activities compared to the aforementioned
fractions although they have a D.P. of 3. This could be attributed to their highest sulfate
contents with the lowest protein contents amongst the investigated fractions. In a study
conducted on crude polysaccharides extracted from five different algal species, it was found
that polysaccharides of the Laminaria japonica had the least antioxidant activity and the
highest sulfate content. It was hence suggested that the hydroxyl groups play the major role in
the antioxidation process and that these groups reacted with the sulfate groups and were
consumed and this, in turn, decreased the antioxidant activity [76]. The fraction F1 with unity
D.P. showed lower activity than these fractions probably because it constitutes only
monosaccharides.

These findings suggest that various functional groups could be involved in the
antioxidation process and these include hydroxyl, sulfate and amide groups. Furthermore,
D.P. plays an important role in the antioxidation capacity.
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7.4.2. ANTITUMOR ACTIVITY
As a preliminary investigation, the lethality percentage for each algal fraction on
each of four cancer cell lines was determined to test its antitumor activity. Fractions with
lethality of above 75% are considered promising. As can be seen in Table 7.4., four fractions
S1, F4, F5, and F8 showed % lethality higher than 75. Fractions S1, F4 and F8 were lethal to
HCT116, HePG2 and MCF7 cancer cells, respectively; whereas F5 was lethal to HePG2,
MCF7 and A549 cancer cells. F5 exhibited 100% lethality on both HePG2 and MCF7 cells.
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Table 7.4. Lethality percentage for the algal extract and column fractions at 100ppm, as
tested on four cancer cell lines.
Fraction

HePG2

HCT116

A549

MCF7

F1

12.6

0.0

65.3

62.8

F2

20.1

4.0

20.8

0.0

F3

11.2

14.8

4.1

31.4

F4

100

32.8

21.1

58.2

F5

100

41.1

79.8

100

F6

46.8

-243

-341

-116

F7

29.7

66.7

14.7

49.3

F8

32.2

51.8

19.6

100

V45

40.4

43.6

-128

0

S1

54.1

90.2

-210

12.9

Further investigations were performed on the fractions that showed 75% lethality or
more. Values of LC50 and LC90 were determined for these fractions and are compiled in
Table 7.5. LC50 and LC 90 represent the concentration of the extract or fractions that led to
death of the cancer cells by up to 50 and 90%, respectively. The negative values appearing in
the table mean that the cells number increased with the addition of the polysaccharide
fraction.
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Table 7.5. LC50 and LC90 for the fractions that showed lethality 75%
Fraction

Cancer cells

LC50

LC90

S1

HCT116

40.0

110

F4

HePG2

7.0

13.4

F5

HePG2

22.7

39.0

F5

A549

68.1

111.1

F5

MCF7

24.0

75.0

F8

MCF7

34.0

60.0

To examine whether the lethality of the fractions is concentration dependent, the
lethalities of various concentrations of each of the promising fractions were determined. The
effect of concentration on the %lethality of S1 fraction on HCT116 cells is depicted in
Figure 7.13.A.

From the figure 7.13.A. it can be observed that the lethality of S1 fraction on
HCT116 colon cancer cells is concentration dependent. No lethality is detected for
concentrations below or equal to 1.56 g/mL, then the lethality increases with increasing
concentration and its behavior follows a polynomial function trend with a correlation factor
(R2) of 0.9985. For 1.56  concentrations 25g/mL, the lethality increases linearly with
concentration (R2=0.9978).

The lethality-concentration profile for fraction F8 on breast cancer cells MCF7 is
similar to that of S1 on HCT116 colon cancer cells and is shown in Figure 7.13.B The
correlation between lethality and concentration is linear for 1.56  concentrations  25 g/mL
(R2 = 0.981).
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A.S1 on HCT116 colon cancer cells

C. F4 on HePG2 human hepatocellular cancer cells

B. F8 on MCF7 breast cancer cells

D. F5 fraction on A549, HePG2 & MCF7 cells

Figure 7.13. Evolution of % lethality with concentration for the fractions (F4, F5, F8 and S1)
on the different types of cancer cells. The linear part of the curve is shown in the figure inset.
The active fraction and cell line are shown under each graph.
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A strong lethal effect was observed for F4 fraction on HePG2 human
hepatocellular carcinoma cells as can be seen in Figure 7.13.C., where no lethality is shown
for concentrations below 0.38 g/mL then it increases linearly with concentration in the
range (0.38- 6.25) g/mL and finally reaches a plateau at 25 g/mL. This indicates that F4
has a strong antitumor activity with regard to HePG2 cells even at relatively low
concentrations.

Among the tested fractions, F5 showed the best antitumor activity. An almost 100%
lethality was achieved on MCF7 and HePG2 at 100 and 60 g/mL, respectively. On A549,
F5 was 80% lethal at 100 g/mL and the lethality-concentration relation was linear.

From the above, it can be concluded that S1, F4, F5 and F8 have potent antioxidant
and antitumor activities. These are the only fractions that contain comparable amounts of
carbohydrates and sulfates, i.e. carbohydrate to sulfate ratio of 1:1. Among the tested
fractions, F4 and F5 are the only two fractions that share the same functional groups of
hydroxyl, amide, sulfate and thiocarbonyl. In addition they both have the same approximate
D.P. of 3 and both are active on HePG2 cells.

Although there are another two fractions (F6 and F7) that share the same D.P. of 3,
yet they show no antitumor activity and relatively low antioxidant activity relative to F4 and
F5. This could be attributed to their low protein content and hence their possession of less
functional amide groups as compared to fractions 4 and 5. This is in addition to their highest
sulfate contents amongst other fractions which could have affected their antitumor activity as
was the case with their antioxidant activity. Fractions F6 and F7 share the same functional
groups of hydroxyl, amide, sulfate, thiocarbonyl and aromatic ester.

Fraction F3 showed no antitumor activity, even though it comprises the same main
functional groups present in fractions F4 and F5; hydroxyl, amide, sulfate and thiocarbonyl.
This could be ascribed to unequal ratio of sulfate to carbohydrate content and probably due to
its lower D.P. if compared to F4 and F5. However, F3 possesses an additional phenolic group
that could have possibly played a role in improving the antioxidant activity for this fraction
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that is comparable to those of F4 and F5. It has been reported in literature that antioxidant
activity is directly related to the phenolic content [97,130].

Fractions S1 and F8 showed antitumor activities on HCT116 and MCF7 cells,
despite their high D.P. (high molecular weight). This could possibly be due the carbohydrate
to sulfate ratio of 1 and to their possession of a variety of functional groups. They both share
hydroxyl, amide, sulfate, aromatic ester, sulfoxide and ester sulfate groups, while F8
possesses additional thiol and phenolic groups.

7.5. HPLC RESULTS
This analysis was performed only on the mother algal extract together with F4, F5
and F8 since they exhibited the best antitumor activity among other fractions. They also
showed potent antioxidant activities.

Table 7.6. Molar sugar content, as detected by HPLC, of the biologically active fractions
along with the hydrolysate and the mother algal extract.
Glucose

Arabinose Xylose

Rhamnose

Glucuronic acid

S1

23.8

19.5

5.3

36.5

14.9

F4

23.2

44.8

14.3

0.0

17.8

F5

18.0

16.6

9.7

30.0

25.8

F8

9.5

0

12.4

69.1

9.0

As clear from the table, the most antitumor active fraction F5 is the highest in
glucuronic acid. The second highest fraction in glucuronic acid is F4. As mentioned earlier,
both F4 and F5 showed potent antioxidant activities that are, however, lower than that of S1.
In a study conducted on the antioxidant activity of polysaccharides extracted from three
different algal species, it was concluded that both the sulfate and glucuronic acid contents
improve the activity [131]. It was also reported that the sulfate groups are involved in the
antitumor process by binding to the cationic protein on the cell surface avoiding its
proliferation [131]. In our work, F4 and F5 have higher glucuronic acid contents than S1, but
lower sulfate contents. The higher sulfate content of S1 could have led to its higher
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antioxidant activity, while the higher contents of glucuronic acid in F4 and F5 could be
responsible for their higher antitumor activities.

Both F4 and F5 showed lethality for HePG2 and they both have the lowest molar
percentages of rhamnose and the highest of glucuronic acid. While S1 and F8, on the other
hand, rhamnose is the most abundant sugar unit and glucuronic is lower in molar percentage
in the polysaccharide fraction. Furthermore, the ratio of glucose to arabinose is the closest to
unity in fraction F5.

It was reported by He et al. (2015) that better A549 antitumor activity was revealed
with polysaccharides that contained different kinds of monosaccharides and in another study
on polysaccharides extracted from the arachnid E. sipunculoides, the antitumor activity on
lung cancer cells A549 was found to be the best also with the more complex polysaccharides
that comprised 8 kinds of monosaccharides compared to other samples that contained 3 and 5
types only [132]. In our study, F5 contains the five tested monomers while F4 and F8
comprise 4 monomers and this could explain the high antitumor activity exhibited by F5 on
three types of cells and not only one as is the case with other fractions. The algal extract S1
contains 5 monomers but is active on one cell line only. This suggests that the molecular
weight along with the complexity of the molecule should be taken into consideration. It was
reported in previous studies that antitumor activity is higher with lower molecular weights
[85,133]. Therefore, F5 showed better antitumor performance than S1 due to its lower D.P. In
addition, F5 comprises a thiocarbonyl group while S1 possesses an ester sulfate group instead
[132]. The superior activity of F5 relative to other fractions could be ascribed to a feature that
is characteristic only of this fraction. This feature is having comparable contents of proteins,
sulfates and carbohydrates in addition to having comparable contents of rhamnose and
glucuronic acid.

It can be deduced that S1 along with F4, F5 and F8 showed potent antioxidant as
well as antitumor activities. The ratio of carbohydrate to sulfate content could be majorly
responsible for this activity since they all possess a carbohydrate to sulfate ratio of about 1:1.
It could thus be inferred that there are other factors that could affect the biological activity of
a molecule. These include, but are not limited to, chain length (D.P.), type and arrangement
of characteristic functional groups like sulfate, hydroxyl and amide as well as polymer
complexity and monomer percentage, distribution and branching [128,134].
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8. CONCLUSION AND FUTURE WORK
8.1. CONCLUSION

High molecular weight SPs (S1) extracted from Ulva lactuca were hydrolyzed using
viscozyme for a determined optimum time of 45 min to produce V45. Then, the hydrolysate
was fractionated onto a DEAE chromatography column to yield 8 effluent fractions. S1, V45
and the 8 fractions were chemically analyzed to determine their carbohydrate, protein and
sulfate contents as well as their degree of polymerization. They were also analyzed using
FTIR and their characteristic functional groups were determined. The antioxidant and
antitumor activities of these fractions were measured using DPPH and MTT assays,
respectively.
It was observed that the DPPH scavenging activities of the produced fractions were
less than that of S1 and some fractions possessed an activity comparable to that of V45, thus
hydrolysis and fractionation were not beneficial in enhancing the antioxidant activity. Among
the 8 fractions, F2-F5 along with F8 showed relatively higher activities than the other
fractions.

The antitumor activities of S1, V45 and the 8 fractions were tested on four types of
cancer cell line (HePG2, HCT116, MCF7 & A549) using MTT assay. Only S1, F4, F5 and
F8 showed promising results and each of them possessed comparable carbohydrate to sulfate
contents. It was thus deduced that the carbohydrate to sulfate ratio could play an important
role in influencing the activity. F5 was highly active on three cell lines, while each of S1, F4
and F8 were active on only one cell line. Sugar HPLC analysis was conducted on the
antitumor active fractions since they also showed potent antioxidant activities. The activity of
F5 and F4 on HePG2 could be attributed to their low rhamnose, high glucuronic acid contents
and same D.P. of 3 which is different from S1 and F8. F4 and F5 also share the same
functional groups of sulfate, thiocarbonyl, amide and hydroxyl. Furthermore, F5 has a variety
of five monosaccharides, whereas each of F4 and F8 has only four. This suggests that the
complexity of F5 along with its D.P. could be responsible for its high activity on the three
cell lines. One characteristic feature of F5 that was not observed in the other fractions and
could hence be responsible for its remarkable activity is having comparable contents of
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proteins, carbohydrates and sulfates, as well as comparable contents of rhamnose and
glucuronic acid. The higher in molecular weight fractions S1 and F8 are active on HCT116
and MCF7, respectively and this could be attributed to their possession of a variety of
functional groups; hydroxyl, amide, sulfate, aromatic ester, sulfoxide, ester sulfate, in
addition to thiol and phenolic groups in F8. These findings suggest that the antioxidant and
antitumor activities are mainly influenced by the carbohydrate to sulfate ratio of 1, D.P.,
protein content, as well as type and variety of functional groups and number and type of
sugar units.

8.2. FUTURE WORK
As concluded in the previous section, no one factor is solely responsible for the
biological activity but several factors should be taken into consideration like composition,
chain length, type and arrangement of characteristic functional groups like sulfate, hydroxyl
and amide as well as polymer complexity and monomer distribution and branching. In order
to study the effect of each factor perse, all other factors should be fixed and only the factor of
interest is varied. The effect of sulfate content, for example, can be studied by sulfation and
desulfation of S1, V45 and the 8 fractions from the column and comparing the biological
activities of the original, sulfated, and desulfated samples.

Another variable that could be changed is the polymer complexity and this could be
achieved using a different algal species, or a different enzyme for hydrolysis and then
comparing the biological activities of the fractions that show similar analysis results.

Furthermore, antioxidant activity could be tested with other assays to ensure that the
kind of assay is not affecting the results, while the antitumor activity test could be applied on
different types of cell lines.
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10. APPENDIX
10.1. CHEMICAL ANALYSIS STANDARD CURVES

APPENDIX 1
Bovine albumin standard curve
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APPENDIX 2
Galactose standard curve
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APPENDIX 3
Glucose standard curve
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APPENDIX 4
Sulfate standard curve
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10.2. HPLC CHROMATAGRAM
Appendix 5
Xylose chromatogram

APPENDIX 6
Rhamnose chromatagram
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Appendix 7
Glucuronic acid chromatogram
t

Appendix 8
Glucose chromatogram
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Appendix 9
Arabinose chromatogram
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